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ABSTRACT
The presence of color in pulp and paper mill bleaching effluent 
is not conclusive evidence of pollution. However, to preserve certain 
aesthetic assets of surface waters or perhaps because of a water re­
use application, it may be desirable to partially or completely 
decolorize bleaching effluents.
There has been very little quantitative data published on 
decolorization of bleaching effluents with activated carbon. Conse­
quently there has been a lot of speculation in the pulp and paper 
industry regarding the feasibility of such processes. Much of this 
conjecture has been based upon very meager data or perhaps upon 
experience with activated carbon in other systems.
The purposes of this study were, (1) to develop quantitative 
color adsorption data for systems of activated carbon and a representa­
tive and substantially comprehensive selection of bleaching effluents, 
(2) to correlate these data statistically for interpretation of the 
effects of pH and temperature on the adsorption of color, and (3) to 
study the regeneration of activated carbon which has been spent in 
contact with a bleaching effluent. The latter study was mainly con­
cerned with the effects of temperature and regeneration atmosphere on 
the decolorization activity and carbon loss during regeneration.
Lignin compounds are responsible for most of the bleaching efflu­
ent color. It has been apparent from these studies that the adsorption 
of color from bleaching effluents is increased by decreasing pH. The
decreased solubility of lignin at decreased pH, thus favoring adsorption, 
is thought to be responsible for this behavior. From an equilibrium 
viewpoint, increased temperature has been shown to favor the adsorption 
of color on activated carbon, although the temperature effect is not 
nearly so significant as the pH effect. Increased temperature has also 
been shown to increase the rate of adsorption.
The adsorption of bleaching effluent color on activated carbon 
is quite irreversible as indicated by negligible desorption of color 
under conditions identical to those of adsorption except for color 
c one entration.
The Freundlich adsorption equation, which is a well-known 
empirical method for correlating adsorption data, has been shown to be 
very effective in correlating all of the adsorption data from this study.
Complete thermal regeneration of spent carbon has been demonstrated 
in laboratory equipment at 1^00° F. and 30 minute residence time. This 
was accomplished while maintaining a net increase over the original 
weight of carbon. The regeneration appears to be independent of 
whether an atmosphere of steam, carbon dioxide, or nitrogen is used, 
indicating that a pyrolysis mechanism is at least partially responsible 
for the reactivation.
This study has included work with caustic stage effluent, lime 
process effluent, chlorination stage effluent, and mixtures of 
chlorination and caustic stage effluents, and chlorination, caustic, 
and hypochlorite effluents. In all of these systems, it has been 
possible to achieve substantially complete decolorization.
Very rough cost estimates have indicated that the operating cost 
for a caustic stage effluent decolorization process or a lime process
xl
effluent decolorization process should be of the order of magnitude 
of 0.U0 to 0.80 dollars per ton of pulp, depending upon assumptions 
made regarding carbon loss- Plant investment for these two processes 
should be roughly L.2,000 dollars for a 100 ton per day operation. 
Rough cost estimates for a wide variety of decolorization operations 
may be developed very easily from the data presented. Further work 
in larger scale equipment will be necessary before a valid cost es­
timate can be made.
INTRODUCTION
The Problem
The pulp and paper industry uses large quantities of water. Some 
of this water is taken from wells and some from surface supplies. During 
its use in the process of pulp and paper manufacture, water becomes highly 
colored. This is especially true of those mills which practice bleach­
ing. Normally, mill effluents are discharged to streams or other supplies 
of surface water where their effects on the receiving water can be 
detected not only chemically, but very simply by visual observation.
Color per se is not conclusive evidence of pollution. The color 
bodies, lignins and tannins, are not pathogenic, and they exert negli­
gible biochemical oxygen demand (B.O.D.) upon the receiving water. The 
fact that the color bodies are very refractory to microbiological 
oxidation is in fact responsible for the color problem. Some work has 
been done on promoting the biological degradation of lignin.
However, for many industrial and domestic applications, water of 
a very low color content is required. Examples of this are potable water
and water which is intended for use as wash water in pulp bleaching.
2
Herbet pointed out the significant increase in the amount of alum required 
to decolorize water with various amounts of added color.
E. Woodard, 0. J. Sproul, and P. F. Atkins, Jr., "The Biological 
Degradation of Lignin from Pulp Mill Black Liquor," Paper presented before 
the 18th Annual Industrial Waste Conference, Purdue University (1963).
^A. J. Herbet, "A Process for the Removal of Color from Bleached 
Kraft Effluents Through Modification.of the .Chemical Recovery System," 
National Council for Stream Improvement Technical Bulletin, CLVII (1962), 6.
1
The increased use of water for recreational purposes also brings 
attention to color which may be unsightly, especially in those regions 
whichpossess naturally clear water. Thus certain pulp mills may find it 
necessary to practice decolorization of their effluents.
Sources of Color from Pulp and Paper Mills
There are two major sources of color from pulp and paper mills. 
These are, (l) the spent cooking liquor or "black liquor" including the 
washirg s, called "brown stock washings", which result from washing the 
spent cooking chemicals from the unbleached pulp, and (2) the effluent 
from pulp bleaching. For a thorough discussion of the pulp cooking pro­
cess, recovery of cooking chemicals, pulp bleaching and other pulp and 
paper mill processes, any of the standard textbooks on pulp and paper 
making may be consult ed.^,^ J-’
Black liquor contains a very high concentration of color. For
example, a l£ per cent solids kraft hardwood liquor from the washers,
4 6when diluted 1000 to 1 with clear water retains a color value of U00 ppm. 
The original color of i|00,000 ppm is of the order of magnitude of 1$ to 
1|0 times the normal color of the most colored bleaching stage effluent.
It is fortunate therefore that this colored matter is burned in the 
recovery furnace for mills practicing recovery of cooking chemicals.
3
Edwin Sutermeister, Chemistry of Pulp and Paper Making (Third 
Edition; New York: John Wiley & Sons, Tnc., I9h6).
I4.
John B. Calkin and George S. Whitham, Sr., Modern Pulp and Paper 
Making (Third Edition; New York: Reinhold Publishing dorp., 195717 '
The Manufacture of Pulp and Paper, Five Volumes (New York: Joint 
Textbook Committee of the Paper industry of the United States and Canada, 
1937).
£
Harold L. Warner and Byron C. Miller, "Water Pollution Control by 
In-Plant Measures,» TAPRI, XLVI (1963), 260-266.
For completely semi-chemical mills, which would be less likely to practice 
chemical recovery, black liquor presents a very difficult problem, es­
pecially for those mills which discharge their effluents to naturally 
relatively clear water. The concentration of color involved probably 
completely rules out a practical carbon decolorization process acting 
alone.
We shall assume throughout this work that we are considering a pulp 
and paper mill which practices pulp bleaching and complete recovery of 
its cooking chemicals. Barring spillage therefore, the remaining major 
source of color is from pulp bleaching which we shall now consider in 
more detail.
Modern Pulp Bleaching Practice
Normally, about 80 per cent of the lignin content of wood is 
removed during the cooking process thus freeing the fibers from the 
wood as a whole.^ Some of the lignin and other colored materials, how­
ever , remain on. the walls of the fibers. It is the purpos e of the 
bleaching operation to remove this residual lignin and coloring 
materials from the unbleached pulp.®
There are many chemical agents which are used for pulp bleaching. 
Most of these, and certainly the most common ones, are oxidizing agents.
Of the common bleaching agents, compounds involving chlorine are by far 
the most prevalent in pulp bleaching. Such compounds as hypochlorous
7
Calkin and Whitbaia, op. cit., p. 227.
8
Ibid.
acid, sodium, and calcium hypochlorite, chlorine dioxide, and sodium
chlorite, containing "available chlorine”, are commonly used for bleach-
9ing wood fibers, chiefly because of their low cost. Chemicals other 
than bleaching agents also find application in a bleaching operation.
An example of this is sodium hydroxide which is used for solubilizing 
chlorinated lignin and other constituents of the fiber.
Just as there are many bleaching agents, there are also many 
bleaching processes. The choice 'ambngotheser;de$endBdupo&ntfebeCQOitihg 
process employed, the degree of brightness desired, the strength of the 
finished product desired, arid many other considerations. These bleach­
ing processes vary in the bleaching agents employed, the number of 
bleaching stages, the number and order of interstage washing steps, the 
chemical agents used in washing, and the chemical agents used to modify 
the action of the bleaching agent, among other variations.
Probably the most common bleaching sequence would involve one or 
more stages of chlorination, followed by caustic extraction, followed 
by one or more stages of hypochlorite bleaching. Each stage of this 
sequence would probably be concluded with a wash.^
With a color value of 10,000 to 25,000 ppm, the caustic extraction 
stage effluent supplies about 90 per cent of the bleach plant color 
load; and the bleach plant supplies 80 to 90 per cent of the total color
9
Ibid.
10
Ibid., p. 228.
11 . . . .
Sutermeister, og. cit., p. 290.
12load from the average bleached kraft mill. The color of the 
chlorination stage- effluent normally is of the order of 800 ppm and that 
of the hypochlorite stage is of the order of 300 ppm. These values 
may vary widely with mill practices.
Brief History of Color Removal Research
Herbet'J presented a selected bibliography and discussion of 
color removal research in the pulp and paper industry. Most of this 
work has been concerned with coagulation and precipitation agents such 
as alum, ferric sulfate, and lime. Sulfuric acid, clay, various 
activated carbons, activated silica, ferric chloride, chlorinated 
copperas, phosphoric acid, waste pickle liquor, and a barium, alumina 
silicate compound have also been used for color removal.^ Recent 
studies on the decolorization of semi-chemical bleaching wastes with 
activated carbon^ and activated carbon-activated alumina mixtures^ 
have been reported. The use of recovery furnace flyash for the decolorl- 
zation of caustic extraction waste and even for color removal from black 
liquor has been reported. ^  It should be added here that a per cent
^Sfarner and Milder, og. cit., p. 263.
13
Herbet, og. cit., p. 2.
lil
Ibid. .
l£Robert A. Hunt, ^Decolorization of. Semi-Chemical Bleaching 
Wastes by Adsorption,” M.S. Thesis, Civil Engineering Department, Purdue 
University (January, 1962).
16
John R. Wright, »The Use of Adsorbents for Color Removal from 
Semi-Chemical Bleaching Wastes,” M.S. .Thesis, Civil Engineering Department, 
Purdue University (August, 1962).
17Warner and Miller, op. cit., p. 263.
reduction in the color content of bleach plant effluent has been achieved
through the elimination of the caustic extraction step in the bleaching 
T R
sequence. Reversing the sequence of the bleaching steps has also been 
reported to reduce the formation of color.^
Of the coagulation and precipitation agents, lime has proved to be 
the best. Herbet^ was able to remove up to 99 per cent of the color 
from kraft caustic extraction stage effluent with accompanying B.O.D. 
reductions of 35 to 57 per cent. The process consists of slaking and 
reacting the mill's total lime requirement with the highly colored ef­
fluent, settling and dewatering the resulting sludge, and using this 
sludge to causticize greenMiquor. During the causticizing process, 
the color bodies are dissolved in the -white liquor, and eventually are . 
burned in the recovery furnace. The dissolved calcium in the decolor­
ized effluent is recovered by carbonation using mill stack gases and 
settling out the precipitated calcium carbonate.
Among the adsorbents, activated carbon has achieved the most 
success, and is not approached closely by any other adsorbent. The 
work with activated carbon has been mainly concerned with screening 
tests for the selection of the best carbon from a group. There has been 
some work on the study of variables such as pH and temperature, but this 
has been of a preliminary nature. Also there has been very little work 
reported on the regeneration and evaluation of regeneration of carbons 
which have been expended by contact with bleaching effluents.
l8Ibid.
19Ibid.
20
Herbet, _0£. cit.
The success of the lime color removal process offers interesting 
possibilities for the use of activated carbon. The lime process is very 
effective in removing color from highly colored effluents. However, it 
is not capable of complete decolorization. The residual color is normally 
in the range of 500 ppm. Therefore, carbon may serve as a polish de­
colorization agent for this stream.
The present research work has been concerned with the effects of 
pH and temper attire on the adsorption of color from caustic stage effluent, 
lime process effluent, chlorination stage effluent, and various combi­
nations of chlorination, caustic, and hypochlorite stage effluents. The 
expending and regeneration of activated carbon have also been studied 
with special emphasis on the effects of temperature and type of atmos­
phere on carbon activity and burn-off losses.
CHAPTER I 
COLOR
What Color Is
The appearance of color in bodies of water as a result of mill 
effluent is aesthetically displeasing to many observers. The layman 
often associates color with pollution. A highly colored mill effluent 
which has been treated to remove suspended solids and B.O.D. may be a 
far better environment for aquatic life than a very clear solution, as for 
example, an aqueous sugar solution. The fact, however, that the mill 
effluent reflects light in the visible spectrum while the sugar solution 
does not has a decisive effect upon the human mind. The psychologist 
might call this color effect the sensation in the consciousness of a 
human observer when the retina of his eye is stimulated by radiant 
energy.1
From a more scientific viewpoint, we are concerned with what causes 
the color of mill effluent on a molecular scale. It is generally thought 
that the typical brown color of pulp mill effluents is caused primarily 
by lignin compounds which are formed through the dissolving action of
p
the cooking and bleaching chemicals used. Wood pulp always has
Francis W. Sears and Mark W. Zemansky, University Physics (Second 
Edition; Cambridge, Massachusetts: Addison-Wesley Publishing Co., Inc.,
19530, P. 816.
* 2'
W. A. Moggio, "Color Removal from Kraft Mill Effluent," TAPPI, 
2XXVIII (1955), 56U-567. ----
8
associated with the dellulose a portion of the lignin or incrusting
matter ordinarily present in the raw fiber and this lignin carries with
it certain colored bodies of highly complex composition.^
Lignin is generally characterized by the method used in isolating
it from wood and by a series of color reactions.^ Thus we speak of
lignosulfonates, chlorolignins, nitrolignins, etc., according to the
chemical used in its isolation.
Research on the structure of lignin has been carried on for years.
There have been many postulations of the structure in an effort to
explain the physical and chemical behavior of lignin. However, there
has been no widely accepted conclusion on a specific structure.
Ghemists have established that lignin is a polymer made up of structural
units which are largely phenolic propane types and are somewhat different
in softwoods and hardwoods. However, the complete chemical structure of
lignin has still not been elucidated and many important theoretical and
practical problems remain to be solved.-’ For a comprehensive review of
6 7 8lignin chemistry, many sources are available. * *
3 ........ . . .
G. S. Witham, Sr., Modern Pulp and Paper Making (Second Edition;
New York: Re inhold Publishing Corp.'," ' 1 9 1 p. 26'sJV
.......
Sutermeister, 0£. cit., p. 7.
^Joseph L. McCarthy, ^'Introduction to the Lignin Problem,” Industrial 
and Engineering Chemistry, X L U  (1957), 1377.
^Friedrich E. Brauns, The Chemistry of Lignin (New*York: Academic 
Press, Inc., 1952).
7 ........
Friedrich E. Brauns and Dorothy A. Brauns, The Chemistry of Lignin,
Supplement Volume (New York: Academic Press, Inc., T^60). '
8
"The Lignin Problem" Industrial and Engineering Chemistry, XLIX 
(1957), 1377-1U08. ---------
How Color is Measured
The fundamental theory of color measurement is based on the well- 
known Lambert-Beer Law. This law states that the fraction of absorption 
of light by a solution is directly proportional to the concentration of
9
the absorbing molecules and to the thickness of the absorbing solution.
The term "color*1 is normally used to denote "true color** —  that is, the 
color of water from which the turbidity has been removed.-^ * It will be 
used in this sense throughout this work.
There are two common methods for determining color. These are 
spectrophotometric methods and visual comparison methods. The spectro- 
photometric method, is more precise but not necessarily more accurate 
because it is subject to appreciable error due to interference from even 
slight turbidity. It was found that very small amounts of very fine 
carbon particles would significantly affect the absorbance readings, even 
after filtration.of the sample. Visual comparison may be performed with 
known concentrations of colored solutions or by special glass color disks 
if they have been properly calibrated.11 The platinum-cobalt method of 
measuring color is given as the standard method, the unit of color being 
that produced by 1 milligram per liter of platinum, in the form of the 
chloroplatinate ion. The color disk procedure was chosen for this work.
9 . ........
Farrington Daniels and Robert A. Alberty, Physical Chemistry
(New York: John Wiley & Sons, Inc., 195£), P* 69.
10
Standard Methods for the Examination of Hater and Wastewater 
(Eleventh Edition; New York’: American Public Health Association, Inc., 
I960), p. 111.
11
A very Important variable to be controlled while measuring the 
color of pulp and paper mill effluents is pH. The color increases with 
increasing pH- For example, the color value of chlorination stage 
washer filtrate increases I4.OO per cent with a pH increase from 2 to 11.-^  
A standard pH of 7.6 was used for color measurement since this is in the 
normal pH range of most streams."^
Other details of color measurement such as sample preparation will 
be presented in discussions of experimental procedures in subsequent 
chapters.
13 .......
Warner and Miller, op. cit., p. 263.
lU
Howard B. Brown, "Significance,..Measiffie^nt,-'arid Seduction of 
Color in Pulp Mill Effluents," National Council for Stream Improvement 
Technical Bulletin, H O T  (195777^4^
CHAPTER II 
THEORY OF ADSORPTION FRCM SOLUTION 
BY ACTIVATED CARBON
General
The factors which interact in a system composed of adsorbent, 
adsorbate, and solvent are quite complex. Phenomena such as adsorption, 
crystallization, and precipitation which occur at solid-liquid interfaces 
are not well understood. However, certain theories have evolved which 
are the result- of research and experience, and these represent attempts 
to explain physical observations of adsorptionssystems. In the final 
analysis, however, attempts to predict the behavior of adsorption systems 
are risky at best,- and experimental data on the specific system in 
question are very desirable.
Because there are so many variables involved in a consideration 
of adsorption, a starting point is arbitrary. We shall start by consider­
ing only the activated carbon itself, first from a purely physical point 
of view as we consider its physical structure. Secondly, we shall discuss 
the adsorption phenomenon as it applies not only to activated carbon 
but to adsorbents in general. Theoretical discussions of the role of 
the adsorbate, lignin and its derivatives, and the effect of pH and 
temperature on their absorption on activated carbon will be reserved 
for the explanation of experimental results from work on these topics.
12
!3
The Nature of Activated Carbon
The term activated with reference to carbon means that the carbon
r
has been treated by some method to increase its adsorbent properties. 
Normally the treatment consists of carbonizing organic material such as 
wood or coal at high temperatures in an atmosphere of air or steam.
The adsorptive properties of activated carbon are determined by 
two factors. These are, (1) the amount and accessibility of surface area, 
and (2) the chemical nature of the surface, or the surface energy per 
unit area. There is at present no known method of measuring the surface 
energy of a solid directly.
The surface area of carbon may be determined by the Brunauer, 
Emmett, and Teller method'*' which involves calculation of the surface 
area necessary to adsorb a unimolecular layer of nitrogen. Activated 
carbon has a tremendously large surface area which is almost entirely
p
internal surface area. Generally the surfa'ce area is between 600 and 
lUOO square meters per gram,3
1
Stephen Brunauer, P. H. Emmett,, and Edward Teller, "Adsorption of 
Gases in Multimolecular Layers," Journal of the American Chemical Society, 
LI (1938), 309-319. '
2
R. S. Joyce, "The Laboratory Evaluation of Granular Activated 
Carbon for Liquid Phase Applications," Paper presented at the Symposium 
on Separation Processes, North Jersey Section, American Chemical Society, 
Linden, New Jersey, April. 2k., 1961, p. 1.
3Ibid.
lU
There is evidence for the existence of pores in activated carbon.^ "
Grant-^  presents a method for determining the distribution of the surface
area of activated carbon according to pore size. This method is based on
6
the calculation of the distribution of micropores (arbitrarily defined 
as 10 to 1000 angstrom diameter range) from water desorption isotherms 
and of macropores (diameters greater than 1000 angstroms) from mercury 
penetration measurements at high pressure.1 Based upon this concept of
g
pores of varying diameter, Grant postulates a "molecular screening theory11. 
According to this theory, a molecule, due to steric effects, will not 
readily penetrate into a pore smaller than a certain critical diameter.
Thus molecules are ''screened out" by pores smaller than a minimum, diameter 
which is a characteristic of the adsorbate and related to molecular size. 
Therefore, for any molecule, the effective surface area for adsorption 
can exist only in pores which the molecule can enter. The molecular 
screening concept is also supported by the performance of "molecular 
sieves" for the separation of gases and vapors according to molecular size.9
^Richard J. Grant, "Basic Concepts of Adsorption on Activated 
Carbon," Activated Carbon Technical Information, Research Department, 
Activated“~Car£>on Division, Pittsburgh Chemical Company, Pittsburgh, 
Pennsylvania, p. 1;.
Ibid., pp. U-10.
6
A. J. Juhola and Edwin 0. Wiig, "Pore Structure in Activated 
Charcoal. I. Determination of Micro Pore Size Distribution,1 Journal 
of the American Chemical Society, T.TKT (l9i;93» 2069-2080. — — —
7
L. C. Drake, "Pore-Size Distribution in Porous Materials,"
Industrial and Engineering Chemistry, XLI (19U9), 780-785.
8
Grant, 0£. cit., p. 11.
9
"Molecular Sieves for Selective Adsorption," Linde Air Products 
Company.
The Adsorption Phenomenon
Adsorption is usually explained in terms of the surface tension 
or energy per unit area.^ Molecules in the interior of the solid are 
subjected to equal forces in all directions-, while molecules at the 
surface are subjected to unbalanced forces. The resulting inward 
forces can be satisfied only if other molecules become attached to the 
surface. The attractive forces are the same as those responsible for 
surface tension and condensation in liquids.^ Adsorption of this type 
is known as van der Waal's adsorption or physical adsorption.
A second type of adsorption exists which is known as chemisorption 
or activated adsorption. It is the result of chemical interaction 
between the solid and the adsorbed substance. The strength of the chemi­
cal bond is generally much greater than that found in physical adsorption.
The process is frequently irreversible, and on desorption the original
TOsubstance will often be found to have undergone a chemical change.
The same substance which, under conditions of low temperature, will 
undergo substantially only physical adsorption upon a solid, will 
sometimes exhibit chemisorption at higher temperatures, and both phenomena 
may occur at the same time. The distinction between the two types of 
adsorption is somewhat a matter of semantics. For example, irreversibility
Grant, _og. cit., p. 1
11
Ibid.
12
Robert E. Treybal, Mass-Transfer Operations (New York: McGraw- 
Hill Book Co., Inc., 19$$), p. M .
13
Ibid.
is usually considered to be a characteristic of chemisorption,^ and 
physically adsorbed molecules are generally defined as being easily 
released from the surface.^ However, some authors state that essentially 
all of the purification or decolorizing applications encountered involve 
physical adsorption despite the fact that physically adsorbed color bodies 
adsorbed from the liquid phase are very difficult to desorb.*^
1h
Grant, og. cit,, p. 1,
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CHAPTER III 
DEC OLORIZATION OF CAUSTIC STAGE BLEACHING 
EFFLUENT WITH ACTIVATED CARBON
The objectives of the experimentation dictated that the apparatus 
should be capable of controlling a specified temperature while agitating 
several containers of a mixture of bleaching effluent and activated carbon. 
This piece of equipment, which will be referred to as an isothermal bath, 
was fabricated irr the Machine Shop of the Chemical Engineering Department. 
Photographs of the isothermal bath appear in Illustration I. The bath 
was made by cutting the .middle section from a galvanized %% gallon drum.
The bottom section of the drum was used as the container for the heat 
transfer medium, water. This bottom section is about 11 inches high-and 
is reinforced at the top by a 2 inch steel band which is bolted and 
soldered in place. The bath lid was fabricated from approximately the 
top 2 inch section of the barrel to decrease heat loss by evaporation.
The agitation mechanism consists of two. sprockets and a chain.
One of these sprockets is driven through a reducing gear by a variable 
speed electric motor, and the chain serves to synchronize and drive the 
second sprocket. The driven sprocket is mounted through a bushing on a 
steel plate extending, across the diameter of the bath. The sample carriage, 
which is designed to accommodate six 2f?0 milliliter Erlenmeyer flasks 
simultaneously, is mounted on vertical axles which screw into the 
sprockets. These axles extend through the center of ball bearings which
17
ILLUSTRATION 1 - PHOTOGRAPHS OF APPARATUS
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are press fitted, into the sample carriage. The carriage is equipped with 
a sliding joint near its center which prevents binding during the carriage 
rotation.
The bath is heated by two electrical resistance immersion heaters 
of the tubular type. These were bent to a circular shape and lie in 
approximately concentric circles. They are mounted through the bath wall 
near the bottom of the tank. Each heater can be controlled separately 
by a variable transformer. The bath can be cooled by flowing water 
through copper tubing which is bent into a helical coil and mounted near 
the tank wall. There is an outlet for draining the tank which also 
serves as a port through which an all-metal bimetallic thermometer is 
mounted through a rubber stopper. The bath is insulated with fiberglass.
Objectives and Procedure
The main purpose of the adsorption variable studies which will be 
described in the following sections was to maximize the adsorption of 
color bodies on the activated carbon. Temperature and pH are the two 
most logical choices of variables to consider because they may be readily 
controlled. Also, the literature indicates that these two variables
probably offer the most promise of increasing the adsorption of color
1,2,3,U bodies. .
Tf. A. Helbig, in J. Alexander, ed., Colloid Chemistry (New York: 
Reinhold Publishing Company, 19U6), Vol. VI, pp. ttl6-did.
2
Joyce, 0£. cit., pp. 6-7.
3 . . . .
Guilford L. Spencer and George P. Meade, Cane Sugar Handbook
(Eighth Edition; New York: John Wiley & Sons, Inc., pp. 323-52U.
k
Eugene W. Berg, Physical' and Chemical Methods of Separation (New 
York; McGraw-Hill Book Co., Inc., 19&3), p. 3o5. *
20
Pittsburgh, type RB pulverized activated carbon was employed through­
out the adsorption variable studies unless otherwise specified. This 
carbon is produced from coal. Sixty-five to eighty-five per cent of the 
carbon will passsthrough a 325 mesh screen. Powdered carbon was chosen 
rather than granular carbon because of the shorter contact time required 
to achieve equilibrium.
The caustic stage bleaching effluent employed had an original 
color of 8000 ppm. All colors are measured at a pH of 7.6 unless other­
wise specified.
An equilibration run was made to determine the contact time 
required for the .equilibration of the carbon and the bleaching effluent.
The results 6f this run are presented in Figure 1. Preliminary data 
had indicated that low pH and high temperature favored the adsorption 
of color. Therefore, the pH of the bleaching effluent was adjusted to 
1.8 with concentrated sulfuric acid and the temperature was controlled 
at 200° F. This was done to insure that a low final color was achieved 
since theoretically the contact time is longer for low color concentrations. 
Figure 1 indicates that a contact time of one hour is sufficient for 
equilibrium. As a safety factor, two hours was allowed in all runs with 
powdered activated-carbon.
The procedure used in all of the adsorption isotherm runs was as 
follows. Varying amounts of carbon were weighed and transferred to each 
of six 250 milliliter Erlenmeyer flasks. One hundred milliliters of 
caustic stage effluent which had been adjusted to a certain pH with 
concentrated sulfuric acid was then poured into each of these flasks and 
the flasks were”stoppered with glass stoppers. The flasks were immedi­
ately placed into the isothermal bath and clamped in place so that the
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water in the bath submerged approximately half of the flasks. The water 
in the bath was heated to a certain temperature before placing the flasks 
into the bath. After clamping the flasks in place, the top of the bath 
was set in place, and the agitation was started. The same agitation was 
used in all runs. The temperature was controlled to tl° F. throughout 
the runs. After the-two hour contact period, the agitation was stopped 
and the sauries were removed from the bath.
To analyze for residual color, the samples were filtered through 
Whatman number b filter paper. After filtration, the pH of the sample 
was recorded and then adjusted to 7.6 with a concentrated sodium hydroxide 
solution. The samples were then centrifuged for five minutes in a 
laboratory centrifuge, and again filtered through fine fritted glass to 
remove any traces of carbon fines remaining after centrifugation. If 
the samplercolor exceeded the range of the color ditk of the comparator 
instrument, the sample was diluted with distilled water which had been 
adjusted to pH 7.6. The final color was then compared with a standard 
color disk.
Experimental Results Demonstrating the Effect of pH and Temperature on 
the Adsorption of Color
A series of runs was performed at all possible combinations of 
pH levels of 2.0, 3*0, and h.O with temperature levels of 100° F.,
150° F., and 200° F. Figures 2, 3, and h are plots of these data 
showing the effect of pH on the adsorption at the three temperature 
levels. In each of these plots, the significant effect of increased 
adsorption with decreased pH is obvious. The data at a pH of 2.0 are 
complicated bysthe precipitation of some of the lignin color bodies at
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this low pH. This probably resulted in the deposition of precipitated 
lignin on the carbon as well as true adsorption. A visible precipitate 
settles to the bottom, of a beaker of caustic stage effluent which has 
been acidified with concentrated sulfuric acid to a pH of 2.0 and allowed 
to stand for several hours. At pH levels of 3.0 and I*.0, there is no 
visible precipitate. Therefore, these data represent the effect of true 
adsorption only.
Figures 5, 6, and 7 are replots of these data in groups of three 
runs, each group being at the same pH level. These plots demonstrate the 
effect of temperature on the adsorption of color. The temperature 
effect, although plainly discernible, is not as marked as the pH effect 
from an equilibrium viewpoint. Therefore only one line is drawn through 
each group of data. To show the rate effect of temperature, however, 
Figure 8 is presented. These runs were made with Nuchar C-190 acti­
vated carbon which is produced from pulp mill sulfite waste liquors.
The carbon is of the granular type and is retained on a 30 mesh screen. 
Caustic stage effluent of 8000 ppm color was adjusted to a pH of U.O 
with concentrated sulfuric acid for these runs. Temperature levels of 
100, 125, 150, 175, and 200° F. were studied. A contact time of'two 
hours was employed which is not sufficient for equilibrium with this 
granular carbon. Therefore the rate effect is evident in these data.
Only four curves were drawn because the 125° F. curve is very close to 
the curve for 100° F. The increased rate of adsorption with increased 
temperature is evident. The temperature and pH effects will be con­
sidered in more detail in a later section.
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Irreversibility o£ Adsorption
To determine the reversibility of the adsorption, a test run was 
made. In the run, 0.250 grams of Nuchar C-190 (plus 30 mesh) activated 
carbon which had been contacted for two hours with caustic stage effluent 
at a pH of 2.0 and a temperature of 100° F was employed. The carbon was 
filtered from the effluent using filter paper. The filter paper plus 
carbon were allowed to drain thoroughly, then the carbon was flushed 
from the filter paper with distilled water, being careful to collect all 
of the washings. These washings plus carbon were then acidified to a 
pH of 2.0 with sulfuric acid and were agitated at 100° F. for two hours. 
Note that the desorption conditions are the same as the conditions for 
adsorption. Afta? agitation, the color of the filtrate from this mixture 
was determined. The data from this run are as follows:
Initial color of caustic stage
effluent 8000 ppm
Final color of caustic stage
effluent 5000 ppm
Volume of caustic stage
effluent 100 ml.
Volume of washings I3I4. ml.
Color of washings after agithtion
with carbon 5 ppm
Therefore,
(*) (131*) x 100 = 0.22$ desorption.
(8000-5000) (100)
The 0.22$ desorption observed is almost negligible. Part of the color of 
the washings was probably due to the thin film of liquid which adhered to 
the carbon granules after draining.
32
On the basis of this test, it appears that the adsorption is very- 
irreversible under these conditions. As stated previously, whether this
indicates chemisorption or physical adsorption is largely a matter of
•/>
semantics.
Theoretical Discussion of the Effect of pH and Temperature on the 
Adsorption of Color
Adsorption from solution is a very complex phenomenon. The data 
gathered in this study are not sufficient to support a firm conclusion 
concerning the mechanism by which the adsorption of color on activated 
carbon occurs. Therefore, in this section an attempt is made to present 
ideas which may elucidate some of the results of experimentation.
First let us consider the effect of pH only. We may take several 
approaches to a consideration of the effect of pH on color adsorption.
We shall consider the effect of pH on (l) the adsorbate or the color 
bodies, and (2) the adsorbent or activated carbon. The interaction 
between the solution and the adsorbent as it is conceivable affected by 
the influence of pH on interfacial tension and thus adsorption might also 
be considered. The complexity of the latter topic in view of its contri­
bution to an understanding of the adsorption of color rules out its 
presentation here however.
Frequently,, activated carbons adsorb more effectively in acid 
solutions than in alkaline solutions.^ This happens to be correct for 
many industrial applications, for example for decolorization of sugar
Helbig, op. cit., p. 8l8.
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liquor, but it should not be taken as true for all cases. The principal 
effect of pH on carbon adsorption appears to be indirect, through its 
influence on the solubility of the adsorbate.^ As a rule, maximum, ad- 
sorbability is associated with minimum solubility."^ Since the solubility 
of lignin definitely decreases with decreasing pH as evidenced by precipi­
tation at a pH of about 2.0, this solubility effect may very well contribute 
to the increased adsorption of color observed at decreased pH levels.
The lignin. color bodies appear to exist in solution as negative 
ions or negative colloids. This is indicated by the migration of lignin
Q
in an electric field and by the fact that lignin may be effectively
flocculated and precipitated from solution by a cationic surfactant,
9
dimethyl benzyl ammonium chloride. The stability of colloids in solu-. 
tion is normally associated with the existence of an adsorbed electrical 
double layer which produces what is known as a zeta potential. If theT.
electrical double layer is effectively neutralized, the colloidal particles 
no longer repel each other arid their normal kinetic energy brings them 
close enough togetha? that certain attractive forces cause flocculation 
and precipitation.^ Ions not common to the precipitate may effectively 
destroy the zeta potential. A negative colloid is flocculated by an
6
Ibid.
7
Ibid.
8
W; J. Schubert, A. Passarmante, George De Stevens, M. Bier, and 
F. F. Nord, "Investigations on Lignin and Lignification. XIII. 
Electrophoresis of Native and Enzymatically Liberated Lignins," Journal 
of the American Chemical Society, LXXF (1953)> 1871. 1
9
R. E. Fuchs, unpublished data.
10
Berg, op. cit., pp. 299-300.
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increased concentration of positive ions. In general, flocculation
efficiency increases with ionic charge. However, hydrogen ions are the
11most effective flocculating agent for negatively charged colloids. Thus 
the hydrogen ions of the sulfuric acid which is employed to decrease the 
pH of the caustic bleaching effluent probably play a major role in the 
decreased solubility and thus the increased adsorption of lignin at low 
pH levels.
The pH effect on the adsorption of color might also be explained
in terms of the effect of pH on the adsorbent, activated carbon. We
have stated that lignin appears to exibt in solution as a negative ion
or negative colloid. Therefore we would expect that a carbon which has
an electropositive charge would be more effective in adsorbing lignin
than would an electronegative carbon. One investigator, studying the
electrical charges on carbon, found that charcoal was electronegative
12in alkalxne solutions and electropositive in acid solutions. The same
type of behavior is observed with hydrous ferric oxide which is positively
charged below its isoelectric point (i.e., the point of electrical
neutrality) at approximately pH 8.5 to 8.9 and negatively charged at
11higher pH values. Hydrous ferric oxide adsorbs anions but not cations 
strongly from weakly acidic solutions and adsorbs cations preferentially
11
Ibid., p. 300
12
S. M. Hauge and J. J, Willaman, "Effect of pH on Adsorption by 
Carbons," Industrial and EngineeringliChemistry, XIX (1927), 914)..
Berg, op. cit., p. 300.
from alkaline solutions above pH 10. ^  Another researcher reported that 
the charge on carbon, sugar char in this case, was not only electro­
negative but could also be made electropositive by thermal activation
l5of the carbon. The latter observation corresponds to a shift of the 
isoelectric point of the carbon during thermal activation. We shall be 
concerned more with this behavior in a later section. We see from the 
few examples above that the nature of the adsorbent as well as the 
adsorbate may play a decisive role in the adsorption phenomenon.
Temperature is an important variable in adsorption processes.
Often it is difficult to predict the effect of temperature however, 
especially for adsorption from liquid solutions.
Thermodynamically, adsorption is an exothermic process. Thus, we 
would predict that an increase in temperature would decrease adsorption. 
This can be seen mathematically from the following application of a 
general equation which was developed by Gibbs, 
r r  _ c dw
1 " m m -  (i)
where P  = weight of adsorbate per unit area of adsorbent 
c = concentration of adsorbate in solution 
<r* = surface tension of solution 
R = gas constant 
T = absolute temperature
lUIbid.
^Iwao Ogawa, "The Adsorptive Power and the Electrical Behavior of 
Various Carbon Preparations,1' Biochemische Zeitschrift, CLXI (1925) s 275.
16
The Collected Works of J, Willard Gibbs (New York: Longmans, 
Green and Co.,-l92d), Volume-!,-Chapter ill.
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Notice that for a given concentration as temperature increases, the
adsorption, P  , decreases. This type of behavior is normally observed
in gas-solid systems, but many liquid-solid adsorption systems appear
to contradict the theoretical prediction of the effect of temperature.
Apparently there are other factors which must be considered.
The influence of temperature on adsorption from gaseous systems
is due only to the exothermic character of the process, while in
adsorption from solution an additional factor, solubility, is super-
17imposed on the normal temperature effect. Since the solubilities of 
most substances have positive temperature coefficients, the general 
impression that adsorption from solution always decreases with in­
creasing temperature can be easily understood. However for some 
solutes which have negative solubility coefficients, such as n-butyl
alcohol in water, the solubility effect may override the exothermic
l8effect to produce increased adsorption at increased temperatures. 
Temperature has no apparent effect on the solubility of lignin in 
the normal range of temperatures employed in this study. Therefore 
it probably does not play a significant role from a solubility point 
of view.
For a more satisfactory explanation of the effect of temperature 
in increasing the adsorption of color on activated carbon at increased
17
F. E. Bartell, T. L. Thomas, and Y. Fu, "Thermodynamics of 
Adsorption from Solution IV, Temperature Dependence of Adsorption," 
Journal of Physical and Colloid Chemistry, LV (19^1), 1U56.
18
Ibid., pp.
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temperature, we should consider the effect of temperature on the surface
tension of the bleaching effluent. Since the surface tension of a liquid
is normally decreased by an increase in temperature, we would expect that
increased temperature would result in increased ’'wetting" or penetration
of the liquid into the sub-microscopic capillary structure of the carbon.
This would have a proportionate effect upon the development of increased
effective surface area* If we were to assume that the same interfacial
area was involved at an temperature levels, an apparent increase in
the equilibrium adsorption would be indicated. However, it appears
reasonable to believe that an increased effective surface area is
responsible for the increased adsorption at increased temperatures.
19Two other parameters, viscosity and diffusivity, which are in 
fact related to each other, are useful in explaining the effect of 
temperature on the rate of adsorption if we make the normal assumption 
that diffusion of the adsorbate through the solution within the- carbon 
structure is the controlling adsorption rate mechanism. There are
several empirical expressions for the diffusivity of a solute through
20a liquid. In the most common equations,
19
Helbig, og. cit., p. 8l6.
20
R. Byron Bird, Warren E. Stewart, and Edwin A. Lightfoot, 
Transport Phenomena (New York: John Wiley & Sons, Inc., I960), 
pp. 5J-3-511T
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where D = diffusivity of solute A through solvent B 
AS
K = constant dependent upon solvent and solute 
T = absolute temperature
= viscosity of solvent 
Since normally,^ In^ «c(A + B/r) (3)
where A,B = constants
, (A + B/T) then ®C e
and D._ oC K' T (M
m  e(A + b/t) ’
We see from equation (U) that the diffusivity is increased by
temperature quite appreciably. Thus the rate of adsorption should
increase with an increase in temperature.
Fitting Adsorption Isotherms to the Data
Several equations have been devised to represent adsorption data.
The following equation which does not have any theoretical basis but
29has been found useful, is referred to as the Freundlich equation.
X = KC1/11
T T  (S)
where X = amount of adsorbate adsorbed 
M = weight of adsorbent employed 
C = residual concentration of adsorbate in 
solution at equilibrium 
K,l/n = constants characteristic of the system
In the system under consideration, X represents pseudograms of color,
where ppm of color is treated as if it were on a weight basis. Of
course, we do not know what the true weight relationship between color
21 .....
Daniels and Alberty, og. cit., p. 177<
22
Ibid., p. 523.
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and lignin is, and we thus resort to expressing the color concentration 
in terms of a molecular species, the chloroplatinate ion, which is well 
known. If used consistently, this procedure does not lead to any 
confusion. In the above equation, C.represents ppm of color, and M 
represents grams of carbon employed.
The above equation may be fit to the adsorption data by simple 
regression analysis. Simple regression analysis is a special case of 
multiple regression analysis in which only two variables are involved. 
First, equation (£) is linearized thus,
log = log K + -JL log C (6)
M n
and this is the actual equation which is subjected to regression 
analysis to determine the values of K and l/n. This modification, though
it may lead to slight errors in the •'best1* values for K and l/n, is
23usually not of Importance to the engineer, J
All of the nine experimental runs involving all combinations of 
three pH levels with three temperature levels were subjected to 
regression analysis. The results of this analysis appear in Table I.
Note that the correlation coefficient, R, which is a measure of the 
correlation between the two variables is near +1.0 for each set of data.
A perfect correlation would be indicated by an R of +1.0 and no 
correlation by an R of 0.0.
23
William Volk, Applied Statistics for Engineers (New fork: McGraw- 
Hill. Book Co., Inc., 195B), p . '256"
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TABLE I
RESULTS OF STATISTICAL ANALYSIS OF DATA 
(CAUSTIC STAGE EFFLUENT)
Run No. pH Temp., °F. V K l/n R
31 U.o 100 0.000U68 0.987 0.979
30 3.0 100 0.0001069 1.221 0.966
29 2.0 100 0.1998 0.352 0.96U
28 U.o l£0 0.00703 O.68U O.98U
27 3.0 150 0.039U 0.510 0.915
25 2.0 150 0.1795 o.U5o 0.983
22 U.o 200 0.1953 0,263 0.9U1
2h 3.0 200 0.2U33 0.282 0.950
23 2.0 200 0.1357 0.517 0.977
Disregarding the data at pH 2.0, where adsorption is accompanied 
by precipitation, it is interesting to note that the adsorption becomes 
less responsive to concentration level as the temperature increases.
This is indicated, by the generally decreasing values of l/n as tempera­
ture increases.
Figures 9 , 10, and 11 are plots of the Freuhdli'ch' isotherms fitted 
by regression analysis. These plots as well as other similar plots to 
be presented in later sections will be very useful in developing economic 
evaluations of activated carbon decolorization processes.
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CHAPTER 17
POLISH DECOLORIZATION OF EFFLUENT FROM LIME 
COLOR REMOVAL PROCESS
Introduction
It has been stated previously that the effluent from the lime 
color removal process^ normally retains about $00 ppm of color. Thus 
activated carbon might be used as a polish decolorization agent for this 
stream.. To evaluate this possibility, caustic stage effluent was treated 
using the lime process, and this effluent was then treated with acti­
vated carbon.
Procedure
A. Preparation of Lime Process Effluent
Ten liters of caustic stage effluent at 110° F. was 
treated with 1$,000 ppm of reburned lime. The lime was 
slaked with $00 milliliters of the caustic stage effluent 
at the boiling point, and then was added to the remainder 
of the caustic effluent. The mixture was stirred for about 
five minutes and then allowed to settle. The supernatant 
liquid was siphoned and carbonated with CO^ from pH 11.7
Herbet, op. cit.
hh
b $
to pH 10*7 to precipitate calcium as CaCO^. After settling,
the supernatant liquid was siphoned for treatment with
activated- carbon. The color was reduced by the lime process
from 8000 ppm to £00 ppm. Both colors were measured at the
standard pH of 7.6.
B. Treatment of Lime Effluent with Activated Carbon
The lime process effluent was employed in a series of
runs at 200° F. to determine the effect of pH adjustment
with concentrated sulfuric acid on the adsorption of color
%
on activated carbon. Pittsburgh type RB pulverized carbon 
was used in all of these runs. The general procedure was 
the same as that previously described for the caustic stage 
effluent-. The carbon and effluent were agitated in the 
isothermal bath for two hours after which the color was 
determined by the normal method.
Experimental Results
Figure 12 is a plot of data from seven runs covering a pH range 
from 10.7, the pH of the carbonated effluent, to pH 3.0. The graph 
appears very crowded at first glance, and therefore only two curves 
have been drawn through the high and the low adsorption:'.isotherms. 
There is a purpose however for presenting so many data points on one 
plot. By using three dimensional perspective, that is, by visualizing 
that the pH axis is perpendicular to the plane of the paper, we see 
that the plot actually describes a surface on which residual color 
forms a valley. This valley indicates that there is an optimum pH 
for the adsorption of color in this system.
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FIGURE 12 -  pH EFFECT ON DECOLORIZATION OF LIME 
PROCESS EFFLUENT
Discussion of Results
The fact that the adsorption of color from lime effluent is sub­
ject to an optimum pH whereas the adsorption of color from caustic 
stage effluent does not indicate an optimum pH clearly suggests that 
there is a basic difference in the adsorption phenomenon between the 
two systems. As stated previously, the data from this study are not 
sufficient to draw a firm conclusion about the mechanism of adsorption. 
This.discussion is therefore only an attempt to state possible reasons 
for the observed behavior.
Probably colloid theory offers the best basis for a discussion of 
this system. Since the color which remains in the lime effluent does 
not behave as color in the caustic stage effluent, we may postulate 
that the color is due to a different chemical species. This species 
could perhaps be a calcium ligno compound, but what the chemical 
species is does not concern us as much as how it acts.
We have stated previously that some colloids are stabilized in 
solution by electrical charges on their surfaces.2 If these colloids 
have isoelectric points, such as those which occur in the case of 
hydrous ferric oxide and some proteins, they are positively charged at 
pH values lower than their isoelectric points, and negatively charged 
at higher pH values. Due to the repelling effect of like charges, 
colloids are stabilized in solution at pH values removed from their
Daniels and Alberty, op. cit., p. £16.
isoelectric points. Therefore, it is reasonable that minimum solu­
bility often occurs at the isoelectric point. Since minimum solubility 
as a rule is associated with maximum adsorbability,J this type of 
reasoning may explain what is observed in the adsorption of color from 
lime effluent.
It.is quite interesting to note that Herbet observed the same 
type of behavior while recovering calcium from decolorized caustic 
stage effluent.^ Carbon dioxide was bubbled through the effluent which 
had been treated with slaked lime. Calcium was recovered as calcium 
carbonate by this method. It was observed that the calcium solubility 
(expressed as calcium oxide), which was about 660 ppm at pH 12.0$, had 
decreased to 9 ppm at pH 10.55>. However, upon further carbonation, the 
solubility increased* At a pH of 6.S>, the solubility was 26k ppm and 
was increasing rapidly. Thus it appears that a similar phenomenon occurs 
in both of the systems considered. We would predict, based upon 
conventional solubility product calculations, that the solubility of 
calcium carbonate would decrease as pH increases, However, the 
increase in solubility with increasing pH above a pH of about 11.3 
must be attributed to other factors, among which may be the presence 
of an isoelectric point in this system.
Another approach which is perhaps related to the above may be 
helpful in explaining the observed behavior. This involves the
3
Helbig, og. cit., p. 8l8.
k
Herbet, og, cit., pp. 35-38.
consideration of the effect of the ionic strength of the solution upon 
solubility. For example, based upon conventional solubility product 
calculations, we would predict that the solubility of silver chloride 
should decrease as the chloride ion concentration increases. However, 
the solubility of silver chloride in solutions of sodium chloride de­
creases until a sodium, chloride concentration of 0.01 moles per liter 
is attained, and increases at higher sodium chloride concentration.
The same reversal of- the common ion effect is observed with lead sul­
fate in sulfuric acid solution. This behavior is related to the ionic
£
strength of the solution by the Debye-Htlckel theory. This theory 
explains the depression, of the activity coefficients of ions in 
solution by the presence of other ions in the solution. This type of 
behavior may be responsible for the minimum solubility observed during 
carbonation for the recovery of calcium, and during the adsorption of 
color from lime effluent of varying sulfuric acid concentration.
There is one bit of conflicting experimental data which should be 
pointed out. Lime process effluent which had been adjusted from pH-10.2 
to pH 1.9 with concentrated sulfuric acid was allowed to stand overnight. 
A curdy, light yellow precipitate settled.out. This resulted in a color 
reduction, from f?00 ppm to 320 ppm. It has been stated previously 
that a precipitate at low pH (circa 2) has been observed many times 
with caustic stage effluent. The precipitate with lime process effluent 
however apparently contradicts the behavior which would be expected 
on the basis of the adsorption data, if adsorption is explained from a 
solubility viewpoint. The reason for this behavior is not understood.
Berg, o£. cit., pp. 267-273.
£0
Fitting Adsorption Isotherms to the Data
Freundlich adsorption isotherms were fitted by regression analysis 
to the data from the seven runs with lime process effluent* Table II 
summarizes these calculations.
TABLE II
RESULTS OF STATISTICAL ANALYSIS OF DATA 
(LIME PROCESS EFFLUENT)
Run No. pH Temp., °F. l/n R
35 10.7* 200 0.00052U 1.108 0.976
37 7.0 200 0.00599 0.8*9 0.990
38 6.0 200 0.0133 0.7U6 0.993
36 5.0 200 0.0U7U 0.528 0.973
33 U.o 200 0.0122 0.903 0.963
3k 3.0 200 0.0100 0.863 0-536
39 3.0 •200 OvOOOI 2v38U 0.652
^Original pH of carbonated lime process effluent.
All of the correlation coefficients indicate a good fit of the 
data except for runs 3U- and 39. Notice that these two runs were made 
at pH 3*0. Run 39 is a repeat of run 3U which was made to verify a 
seeming anomaly in the data. This anomaly is apparent in Figure 12 
which was presented previously. In runs 3U and 39* the residual 
color decreases and then increases with increased carbon dosage at pH
3-0. Since carbon dosage is the only variable in these runs, the only 
possible explanation for this anomaly appears to involve some constituent 
of the carbon which was perhaps leached out during the contacting at this pH.
All of the adsorption.isotherms except those for runs 3U and 39 
are plotted in Figure 13. The plot plainly shows the optimum adsorption 
at a pH value of about £. These data will be useful in a later section 
on economic evaluation of carbon decolorization processes.
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CHAPTER V
DECOLORIZATION OF CHLORINATION STAGE EFFLUENT AND 
VARIOUS MIXTURES OF CHLORINATION, CAUSTIC, AND 
HYPOCHLORITE STAGE EFFLUENTS
Introduction
To evaluate the effectiveness of activated carbon for the decolor­
ization of chlorination stage effluent and mixtures of chlorination and 
hypochlorite effluent with caustic stage effluent, samples of these three 
streams were obtained from a pulp and paper mill. The pH and color of 
these streams appear in the following table.
TABLE III 
ANALYSES OF BLEACHING EFFLUENTS
Bleaching Color at pH = 7*6,
Stage pH ppm
caustic extraction 9.h 10,000
c hlorination 1.9 800
hypochlorite 7.0 275
Caustic stage effluent contains much more color than either of 
the other streams. However, because of the increased adsorption of color 
‘from caustic stage effluent at low pH, it was thought that there might be 
some economic advantage in utilizing the acid content of other bleaching
53
streams to decrease the pH of the caustic effluent. Also increased 
overall color removal would result since, of course, all of the streams 
of such a mixture would be decolorized.
Procedure
The experimental procedure was the same as that employed with the 
caustic stage effluent. Pittsburgh type RB pulverized carbon was used 
in all of the runs. A two hour contact time at 200° F. was also used. 
Color was analyzed by the normal method.
Experimental Results^
Figure lij. presents data from the decolorization of chlorination 
stage effluent at its original pH. It should be pointed out however, 
that after contacting with carbon, filtration through filter paper, and 
pH adjustment to 7.6 with sodium hydroxide, a precipitate was noted.
The samples are normally centrifuged and filtered through fine fritted 
glass to remove carbon fines after pH adjustment to 7.6. Therefore, 
this treatment probably removed an appreciable amount of color which 
was not adsorbed on the carbon. The precipitate could not be repro­
duced by treating the effluent in the same way except for excluding 
the carbon. Therefore, it appears that some constituent of the carbon 
which was perhaps leached out during the contacting probably played a 
role in this precipitation.
Figure 1$ presents data from the decolorization of a 1:1:1 mixture 
of chlorination, caustic, and hypochlorite stage effluents. The pH of 
this mixture was U.9. Run Ul wa3 made with the mixture at pH U.9, and 
run l±2 was made with the mixture adjusted to a pH of 3.0 with concen­
trated sulfuric acid. The effect of increased adsorption with decreased 
pH is evident.
&•  RUN 4 0
I00C -
TEMP.*2 0 0  *F. 
pH* 1.9 (NO ADJUSTMENT)
JBOO
200
QMS. OF PCC RB CARBON PER 100 ML. OF CHLORINATION STAGE EFFLUENT
FIGURE 1 4 -  DECOLORIZATION OF CHLORINATION STAGE EFFLUENT
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FIGURE 15-DECOLORIZATION OF l>l ' I  MIXTURE OF CHLORINATION, 
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Figure 16 is a plot of data from the decolorization of a 1:1 
mixture of chlorination and caustic stage effluents. The pH of this 
mixture was 3 *i|.
Discussion of Results
Ij| | M — M W W *
The results of these runs followed the same pattern as the caustic 
stage effluent runs. The effect of pH on the adsorption of color was 
the same.
The only unusual behavior was that of the chlorination stage 
effluent whit^ h produced a precipitate when neutralized with sodium, 
hydroxide. T&is has already been discussed. None of the other effluents 
produced a precipitate.
Fitting Adsorption Isotherms to the Data
Freundlich adsorption isotherms were fitted by regression analysis 
to the data from these runs. The results of this analysis appear in 
the following table.
TABLE IV
RESULTS OF STATISTICAL ANALYSIS OF DATA (CHLORINATION 
STAGE EFFLUENT AND MIXTURES OF CHLORINATION,
CAUSTIC, AND HYPOCHLORITE STAGE EFFLUENTS)
Run
No.
Effluent 
or Mixture .....p h .;. .
Temp., 
(¥. K .........
... l/n R
ho Cl 1.9
ooCM 0.1118 0 .U8? 0.962
ill Cl-Cau-H k.9 200 0.1333 0.355. 0.930
i|2 Cl-Cau-H 3.0* 200 0.218 0.3ll9 0.99k
U3 Cl-Cau 3.I1 - "200 •©.•11t05' ■0;-fc©3 • ■ 0.983
*pH adjusted with concentrated sulfuric acid.
The correlation coefficients indicate a good fit of the data.
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FIGURE 16- DECOLORIZATION OF It) MIXTURE OF CHLORINATION 
AND CAUSTIC STAGE EFFLUENT
Figure 17 is a Freundlich plot of the data from the decolorization 
of chlorination stage effluent (run UO). Figure 18 is the same type of 
plot for various mixtures of chlorination, caustic, and hypochlorite 
stage effluents (runs itf., 1*2, and 1;3). These plots will be used in the 
economic evaluation of various carbon decolorization processes.
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CHAPTER VI
EXPENDING AND REGENERATION OF ACTIVATED CARBON
Expending Carbon 
. Type of carbon
Most of the work to this point has been done with powdered 
carbon because of its rapid equilibration. However, in a 
practical application of activated carbon for decolorization, 
granular carbon would normally be used. Therefore, Pittsburgh 
type CAL granular carbon was chosen for the regeneration studies. 
The main objective of the regeneration study was to determine the 
effects of regeneration^ conditions such as temperature and type 
of atmosphere on decolorization activity and burn-off losses.
Since type CAL granular carbon settles to the bottom of a con­
tainer of bleaching effluent, it requires no filtration for 
separation. This carbon is therefore conducive to easy handling 
and accurate determination of burn-off losses.
Procedure
To expend the carbon in sufficient quantity for subsequent 
regeneration runs at varying conditions, 2.500 grams of type 
CAL carbon was weighed into each of six 25>0 milliliter Erlenmeyer 
flasks. Then 100 milliliters of caustic stage effluent which had 
been adjusted to pH 3-0 with concentrated sulfuric acid was poured 
into each flask. The flasks were agitated in an isothermal bath at
62
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200° F. To determine the equilibration time for type CA1 carbon 
nnder the planned expending conditions, run l*5> was made. Figure 
19 is a plot of these data. This graph indicates that a contact 
time of five hours at pH 3.0, 200° F., and the standard agitation 
should be sufficient for equilibrium. A period of six hours was 
employed in all runs with type CA1 carbon to insure equilibrium.
After agitation the flasks were removed from the bath and 
the supernatant liquid was decanted. Two samples of the partially 
decolorized effluent from two different flasks were taken for 
color analysis by the usual procedure. The carbon was allowed 
to sit overnight in the flasks with the top in place. Therefore, 
the carbon was still wet the following morning. At this time 
an additional 100 milliliters of effluent at pH 3.0 was added
5
to each flask and the identical procedure was repeated. This 
procedure was continued until the carbon's decolorization 
activity was almost completely depleted.
We must define decolorization activity before we can 
quantitatively state a depletion. We shall do this in the 
following section as well as give results of the expending of 
the carbon.
Definition of Carbon Decolorization Activity and Results of 
Expending'Carbon
To establish a base adsorption isotherm to which the de­
colorizing performance of the carbon could be referred, runs h9 
and 50 were made. Both of these runs were made at the same 
conditions (i.e., pH 3*0, 200° F., 6 hour contact time). These
10,000
•  RUN 45, pH3 3.0 
TEMP.» 200 °F
PITTSBURGH TYPE CAL CARBON80001 >
CL
- 6000
za.
4 0 0 0 -
CONTACT TIME, HOURS
FIGURE 19- DETERMINATION OF EQUILIBRATION TIME FOR GRANULAR CARBON
ON■P"
runs produced 12 data points which were fitted to a Freundlich 
adsorption isotherm by regression analysis. The following table 
presents data describing this "base line".
TABLE V
RESULTS OF STATISTICAL ANALYSIS FOR ESTABLISHING 
A BASIS FOR COMPARISON OF CARBON 
DECOLORIZATION ACTIVITY
Run No. pH V K 1/n R
U9 & £0 3.0 200 0.0360 0.30£ 0.882
Figure 20 is a plot of the above data.
Let us define a decolorization activity coefficient, ,
relating the decolorizing activity of any carbon sample to the 
activity of the carbon used in developing the "base line".
We shall define )f as follows:
r
pH, T, C
where S,B = subscripts referring to Z
T T
values for sample
and "base line" carbon respectively.
The pH, T, and C subscripts on the brackets indicate that the
comparison of the _JL. values must be made at the same pH,
M
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temperature, and color concentration respectively. Note that, 
by definition, far the "base line11 carbon is unity.
Figure 21 is a record of the expending of the carbon. On 
the left ordinate,.cumulative values of X/fa are plotted against 
number of contacts. On the right ordinate, the residual color 
after a given contact is plotted against number of contacts.
Notice on Figure 21 that after 15> contacts, the X/HL value 
is 2.38 while the residual color is 7000 ppm. The original 
color of the effluent was 8000 ppm. From the b&se line we would 
predict that for a single contact, X/fo in equilibrium with a color 
of 7000 ppm would be 0.1?3. Thus the cumulative adsorption 
achieved in the multiple contacts has far exceeded that which 
would be predicted, from a batch test. Although it is not 
strictly consistent with the definition of to compare the 
results of multiple- contacts with the results of a single batch 
contact, it is interesting to note that If for this case would 
be 2.38/0 . £3 or .
"What is responsible for this behavior cannot be stated with 
certainty from the available data. The most logical explanation 
appears to be coirs erned with the possibility that the color 
bodies are not made up of the same chemnc al species. The fact 
that the structure of lignin is not known with an appreciable 
degree of confidence strengthens this possibility. Also, the 
presence of various chemical species may be responsible for 
the inability of lime to completely decolorize caustic bleach­
ing effluent. Assuming that various color producing chemical
2.5
2.0 ~
X  3E 1 .5 -
1.0 -
0.5  -
PITTSBURGH CAL GRANULAR CARBON 
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FIGURE 21 -  PLOT OF DATA FOR EXPENDING OF CARBON (CAUSTIC 
EFFLUENT ADJUSTED WITH CONCENTRATED H ^ )
On
C O
RE
SI
DU
AL
 
CO
LO
R 
AF
TE
R 
N 
C
O
N
TA
C
TS
, 
pp
m
69
species do exist in the effluent, some of these species may dis­
play a greater tendency to be adsorbed than others because of their 
chemical composition or perhaps their physical size. Thus, each 
time a fresh batch of effluent is added, more of these easily 
adsorbed species are introduced and adsorbed. This would result 
in a greater total color adsorption than would be predicted 
from adsorption data from a single batch adsorption.
Returning to the problem of defining the extent to. which the 
carbon was expended during the multiple contacts, let us consider 
the performance of. the carbon during its final contact (i.e., the 
fifteenth contact) as indicative of the final condition of the 
carbon. We have stated previously that the residual color after 
this contact was 7-000 ppm. Since 100 ml. of effluent and 2,$00 
grams of carbon were used,
11 s (10°) (2.$00)
J
(-tj— ) in equilibrium with 7000 ppm color has been stated as 0.$3 
B
(from Figure 20). Therefore,
JT -  ^ r 2 - 0.075
0.53
and ( 1 - ) (100) = ( 1 - 0.07$ ) (100) = 92.$%
The carbon is 92.$ per cent expended.
Weighing of Expended Carbon
Table VI presents the weight increases of the six batches 
of carbon from the expending runs.
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TABLE VI
WEIGHT INCREASE OF EXPENDED CARBON
Flask
No.
Original Wt.
of CAL 
Carbon, gms.
Final Wt. of Car­
bon Plus Adsorbed 
' Matter,' 'pas.
Wt. of. 
Adsorbed 
Matter, 
gms.
Per cent Wt. 
Increase Over 
Original Carbon 
Weight
1 2.£00 3.19£ 0.69£ 27.8
2 2. £00 3.lU£ 0.6h£ 2£.8
3 2.£00 3.212 0.712 28.£
h 2.£00 3.286 0.786 31.U
£ 2.£00 3.2h£ 0.7h£ 29.8
6 2 .£00 3.266 0.766 30.6
An average increase in weight of 29.0 per cent was observed 
after fifteen contacts between effluent and carbon.
Regeneration of Expended Carbon 
Objective
It has been stated that the objective of the regeneration 
study is to determine the effect of temperature and type of 
atmosphere on the decolorization activity and burn-off loss 
of activated carbon, during regeneration. Since carbonaceous 
matter is adsorbed in decolorizing bleaching effluents, result­
ing in an appreciable weight increase over the original weight 
of carbon introduced, it theoretically is possible to produce 
activated carbon by this method.
i
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Apparatus and Procedure
A laboratory muffle furnace was used as a heat source. 
Atmospheres of steam, carbon dioxide, and nitrogen were employed. 
These atmospheres were -provided to exclude oxygen from the 
furnace.to prevent burning the carbon.
The steam atmosphere was provided by dripping wata* from 
a burette into a funnel; from the funnel the water flowed into 
a U - bend which served as a seal. From the U - bend the "water 
overflowed through, a steel tube which entered the furnace through 
a small hole in the door. The top of the burette was cut off 
and connected to a large water bottle to provide a constant head. 
The' dripping rate was calibrated so that the steam turnover in 
the furnace could be controlled at 30 seconds in all runs. The 
carbon dioxide and nitrogen were metered through a calibrated 
rotameter.
In each regeneration run, expended carbon was weighed into 
a nickel or porcelain crucible. In some of the runs the crucible 
was covered with a lid, in others it was not. When the furnace 
was at the desired temperature, the proper atmosphere was 
metered into the furnace for a few minutes to purge the air 
from the furnace. The carbon was then placed into the furnace 
and the vapor or gas was again introduced at the proper rate 
for a 30 second average residence time.
The carbon was allowed to remain in the furnace for 30 
minutes except for one run which will be cited below. After 
this period, the carbon was cooled as quickly as possible. To
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do this, the furnace was turned off, the vapor or gas stopped,- 
and the carbon removed from the furnace. Immediately the crucible 
was either quenched in a beaker of water without wetting the 
carbon, or the crucible was placed over boiling water in a two 
liter covered beaker. After cooling, the carbon was dried in a 
drying oven at about 110° C. for at least three hours,
’ Results of Regeneration
Table VXE presents a summary of the regeneration results.
TABLE VII 
RESULTS OF REGENERATION RUNS
R un . 
No.
Tgmp.,
Gas
or
Vapor
Regen.
Time,
Min. r
% Net Increase 
Over Original 
Weight
h6 900 H2° 60 - -35 .73
1*7 & 1*8 900 ft 30 0.773 7.95
51 & 52 1200 f) 30 0.822 6.82
53 i 5oo 11 30 - - 12 .1*9
51* i 5oo I f 30 - -56.1*5
55 & 56 i 5oo I I 30 1.031 2.01
57 & 58 i 5oo C\J
OO
•30 1.131 5 .51
59 &  6o 1500
N 2
30 0 .9.1*5 6.99
Where two run numbers appear, the second number represents the 
evaluation of the regeneration. This evaluation was done by 
contacting a known weight of the regenerated carbon with 100
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milliliters of caustic stage effluent which had been adjusted to 
pH 3.0 with concentrated sulfuric acid. The contact period was 
six hours of agitation at 200° F. The final color was determined 
at the end of these runs.
The regeneration was evaluated only for those runs in which 
a net increase over the original weight of carbon was obtained.
Let us how consider each run separately to explain the results 
of Table VII. Run U6 was done in an uncovered porcelain 
crucible of approximately 3 inch diameter. The nickel crucible 
was about 1^ inch diameter. Therefore the porcelain crucible 
offered better contact between the carbon and the vapor or gas 
for a given sample. This proved to be significant in these 
regeneration runs. The porcelain crucible and the long contact 
time of 60 minutes was probably responsible for the 35 • 73 per 
cent net weight loss-in run U6. The carbon was cooled by quench­
ing in water. Run ij.7 was done using the nickel uncovered crucible 
and a shorter contact time of 30 minutes Which was used in all 
runs after run U6. The carbon was cooled by quenching in water. 
Run hi produced a net weight increase of 7.95 per cent and 
recovered 77*3 per cent of the initial decolorization activity. 
Points for all of the regeneration evaluation runs are plotted 
on Figure 22 which gives a comparison of the regenerated carbons 
with the “base line carbon.”
Run 51 was performed using a nickel uncovered crucible.
The carbon was cooled by quenching in water. Run 5l produced a 
6.82 per cent net increase in carbon weight and run 52 indicated
IRUN NO.
49
46
52
56
60
100 1000 10,000
C
FIGURE 2 2 -  COMPARISON OF ORIGINAL AND REGENERATED 
CARBON DECOLORIZATION ACTIVITY
that 82.2 per cent of the decolorization activity was recovered.
Run 53 was performed using an uncovered nickel crucible. Quenching 
the hotter crucible in water resulted in a crack in the bottom and 
several small chips of metal broke away from the crucible. There­
fore the net carbon weight loss of 12.1j.9 per cent is due partly 
to this loss of metal. After this run all cooling was done in 
the covered beaker containing boiling water to prevent the 
severe thermal stress encountered in quenching. Run 5U was done 
using a porcelain uncovered crucible and resulted in a large net
loss of carbon of 56.U5 per cent. This was probably due to too
much contact between steam and carbon and perhaps due to some 
burning while transferring the carbon from the furnace to the 
beaker. ■ Run 55 was carried out using a covered nickel crucible. 
This run resulted in a net carbon weight increase of 2.01 per
cent. Run 56 gave an — value of 103.1 per cent of the original,
' M
indicating that the carbon was fully regenerated. The decreased 
contact of steam and air with the carbon because of the crucible 
cover was apparently responsible for the net increase in weight.
Run 57 was performed with a carbon dioxide atmosphere and a 
covered nickel crucible and resulted in a 5 -5l per cent net weight
increase. Run 58 indicated a 13.1 per cent increase in decolori­
zation activity. A  net weight increase of 6.99 per cent was 
achieved in run 59 with a nitrogen atmosphere and a covered nickel 
crucible. Run 60 indicated that the original decolorization 
activity was only 9l*.5 per cent recovered.
Discussion of Regeneration Results
We may look at the mechanism of activation or regeneration in
,+
two ways. These are, (1) that activation proceeds by increasing 
the amount or accessibility of surface area, and/or (2) that acti­
vation proceeds by changing"the nature of the carbon surface. 
Arguments may be found in the literature for both of these approaches 
Hansen, et al. support the first view by suggesting that the effect 
of steam activation on specific surface properties is secondary to 
the effect on surface area. They also suggested that the acti­
vation takes place by a pitting mechanism rather than uniform 
surface erosion. Dinner and Williams reported that the tempera­
ture of activation.does not influence the nature of the-carbon 
surface but only the surface area. They also found that activation 
above 800° C. resulted in decreased surface area which they assumed 
was due to sintering of the carbon. Smith and Hurley^ implied that 
steam activation resulted in a change in the specific surface proper­
ties rather than a change of surface area, thus supporting the 
second view above. Generally, it seems that the explanation of acti­
vation from the surface area viewpoint is more widely accepted.^
^Robert S. Hansen, Robert D. Hansen, and Roy P. Craig, "The 
Effect of Steam Activation on Multilayer Adsorption from Solution by 
Carbon," Journal of Physical Chemistry, LVII (1953), 215-219.
2
Edward R. Dinner and Ardis Paul Williams, "The Effect of Previous 
Heat Treatment on Some of the Adsorption Properties of Sugar Carbon," 
Journal of Physical and Colloid Chemistry, DIV (1950), 60^-617.
3
Hilton A. Smith and R. B. Hurley, "The Adsorption of Fatty Acids 
on Carbon Blacks. Calculation of Particle Size," Journal of Physical 
and Colloid Chemistry, Dill (19U9), lii09-lUl6.
h
Grant, 0£. cit., p. 3.
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Considering the present experimental results, we see from 
Table VII that there appear to be no major differences among 
activations in atmospheres of steam, carbon dioxide, or nitrogen 
with JT's ranging from 0.9U5 to 1.131 and net weight increases 
from 2.01 to 6.99 per cent. Conparing runs 55, 57, and 59, we 
see that the conditions of activation are identical except for 
the atmosphere employed. The mechanism of activation of the 
carbon in atmospheres of steam and carbon dioxide might be 
explained very simply in. terms of chemical reactions which occur 
preferentially at "active sites," resulting in a pitting of the
carbon for development of surface area as we have mentioned pre­
viously. These reactions could be written,
C + H20 Jle.a.£»i CO + h 2
C + C02 . ^ea.?». 2C0
A thermodynamic calculation involving the free energies of these 
compounds reveals that a temperature of about 1300 to 1325 °F is 
required for these reactions to occur. Thus, the activation 
temperature of 1500° F. employed in these runs is adequate to 
satisfy this condition. It is interesting to note here that 
King'* found no significant differences between the activating 
effectiveness of oxygen and carbon dioxide. The effects of these
Alexander King, "Studies in Chemisorption on Charcoal. Part VI. 
The pH of Charcoal Suspensions," Journal and Proceedings of the Chemical 
Society (London), (1935, Part 2), 8t#-b9h. f
two gases upon the porosity of carbon after activation are reported 
to be of the same order. ^
Activation in. the nitrogen atmosphere probably can not be 
explained in terms of a reaction involving nitrogen since nitrogen 
is a relatively inert element under these conditions. It appears 
that pyrolysis may be responsible for the activation of the C£*rbon 
in the nitrogen atmosphere. "We might hypothesize that the large 
carbonaceous molecules of .adsorbed matter are broken down by the 
high temperature. The weight loss of the carbon would be due to 
the volatilizing of smaller molecular fragments which are broken 
away, leaving a highly porous, high surface area residue. Indeed, 
since we have no data relating to the amount of reaction in the 
steam and carbon dioxide atmospheres, the same type of reasoning 
may be extended to these systems. Of course, a combination of the 
two mechanisms may be responsible for activation in the steam and 
carbon dioxide atmospheres.
Alexander King, ‘'Studies in Cheraisorption on Charcoal, part V. 
The Influence of Ultraporosity on Adsorption," Journal and Proceedings 
of the Chemical Society (London), (193U, Part 2j, 19^ 5-19130“
CHAPTER VII 
ECONOMIC CONSIDERATIONS OF VARIOUS ACTIVATED 
CARBON DECOLORIZATION PROCESSES
Introduction
There has been very little quantitative data published on de­
colorization of bleaching effluents with activated carbon. Consequently 
there seems to have been considerable speculation in the pulp and paper 
industry regarding the cost of such decolorization processes. Much of 
this speculation has perhaps been based upon very meager data or 
perhaps upon experience with activated carbon in other systems.
It is the purpose of this chapter to estimate the order of 
magnitude of the cost of various activated carbon decolorization pro­
cesses based upon the data of this study. This should serve as an 
example for further utilization of the data of this study and of other 
data which may be developed. It is obvious that the variation of 
bleaching practice within the industry is very wide, and to cover every 
case would be a difficult task.- Therefore, we must limit our attention 
to a few cases which are representative of the general problem. The 
inadvisability of extrapolating adsorption data to systems which are 
not very closely related to the system from which the original data 
were taken must be reiterated here. For design purposes, there is no 
substitute for experimental data on the system in question. r
19
Major Process Variables
To make an economic evaluation of a decolorization process, we must 
choose the specifications for the process. The major process variables 
which we shall consider here are initial and final color concentrations, 
pH, temperature, carbon dosager and carbon loss. Obviously, part of 
this specification will be arbitrary. For example, the maximum limit 
for the final color must be determined from such factors as the 
allowable color load for the receiving water, or if the water is to 
be re-used, the allowable-water color for the proposed application.
The initial color of the effluent will vary with plant practicer and 
we must arbitrarily choose a color with which to work. Temperature 
and pH are variables which may be controlled and must be specified.
Carbon dosage is physically specified by the adsorption equilibrium for 
the system. We shall assume that granular carbon is capable of 
attaining the same equilibrium as powdered carbon. Carbon loss is a 
variable which depends upon how the regeneration is operated and also 
upon handling loss due to attrition.
Major Costs
Operating Costs
The control of carbon loss is very important in minimizing 
the cost of an activated carbon decolorization process. In this 
study, it has been shown that it is experimentally possible to 
completely regenerate carbon while maintaining a net increase 
over the original weight of carbon employed. Of course, attrition 
loss was not a factor in these laboratory experiments. Therefore, 
whether a net gain of carbon could be demonstrated in commercial 
equipment is a matter of conjecture.
The most successful commercial carbon regeneration operation 
with^which the author is familiar was reported by Isacks.1 In 
this operation, Pittsburgh type CAL granular carbon, which is the 
same type of granular carbon used in this study, was regenerated 
after being expended in a sugar liquor decolorizing operation.
The operation consists essentially of a series of fixed bed 
adsorbers. As the carbon is expended, a regenerated bed of 
carbon is placed by valve manipulation at the end of the series, 
and the first bed of the series, which is the most nearly spent, 
is pumped hydraulically to a kiln. There it is regenerated 
thermally in a steam atmosphere, and returned hydraulically to 
the adsorption vessel. An overall carbon loss of £ per cent per 
cycle was reported. Later improvements in the operation of this 
process have resulted in decreasing the carbon loss to approxi- 
mately ij. per cent. The kiln is heated with natural gas and 
excess air is provided for complete combustion of the natural gas. 
The excess oxygen introduced may be responsible for appreciable 
carbon loss by burning. Steam is injected into the kilirand pre­
vents air, other than the combustion air, from entering the kiln. 
If a practical, indirect method of heating (i.e., in which a wall 
exists between the hot and the cold streams) could be devised,
^A. J. Isacks, “A Progress Report on the Use of Granular Acti­
vated Carbon for Decolorizing Sugar Solutions at Southdown Refinery,” 
Proceedings of the Eighteenth Annual Meeting of Sugar Industry 
Technicians,~ ~Inc., llew York, liay, 1.959? Section Xl.
Personal communication with A. J. Isacks, May 31, 1963.
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air could be excluded completely from the furnace by means of a 
steam atmosphere. Car bom dioxide from the lime kiln might be 
used as an atmosphere if it did not contain oxygen. Carbon loss 
could possibly be reduced or even a net carbon gain might be 
realized by the exclusion of oxygen.
Because carbon loss can represent a large part of the expense 
of an activated carbon decolorization process, we shall develop 
costs on two bases for the example processes which we shall con­
sider. First, we shall consider a basis of no net loss of carbon, 
and secoridly we shall assume a It per cent net loss of carbon.
Other major operating costs are the cost of acid for decreas­
ing the pH of the effluent, heat for heating the effluent and for 
regeneration of the carbon, and power for operating electrical 
equipment.
Capitai Investment
The major area left unexplored by this work is that of 
continuous operation of an activated carbon decolorization process. 
The data presented in this study are equilibrium data and do not 
account for the dynamic effects encountered in continuous operation. 
For example, for an infinitely long column of finite cross section 
(i.e., infinitely long residence time of the effluent in contact 
with the carbon), equilibrium can be attained for a finite flow rate 
of bleaching effluent. However, an infinitely large flow rate of 
effluent when flowed through a column of finite length and cross 
section (i.e., zero residence time) would not allow any decolori­
zation of the effluent. Of course, a practical solution to the
problem lies between these two theoretical extremes. The only 
adequate solution to the "problem is to operate a small scale, 
continuous activated carbon decolorization process to develop 
scale-up data.
Because we do hot have data for sizing of equipment, we shall 
not be able to give capital investment figures applicable to a 
specific process. However, we shall give some general rules of 
thumb which may be helpful in establishing an order of magnitude 
capital investment figure. For a sugar liquor decolorizing 
operation in which about 13,000 pounds of carbon per day is re­
activated in a rotary kiln, a total capital investment of
3
approximately 10U,000 dollars is required. In'.the absence of 
data, we shall use this figure as a Very rough basis for capital 
investment estimations.
Example of Caustic Stage Effluent Decolorization Proce'ss 
Specifications
Color
initial
final
8000 ppm 
20 ppm
2.0pH
Temperature 
Carbon loss 
Effluent rate 
Bleaching capacity
■150° F. 
0% and h%
5000 gal./ton of pulp 
100 tons/day
3
Ibid
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Major Costs (See Appendix A for calculations.) 
Operating Costs (dollars/day)
No Carbon k% Carbon 
Loss Loss
Make-up carbon 0 36
Acid (See Figure 23) 39 39
Heat
For effluent 0 0
For regeneration 3 3
Electrical equipment power 3 3
• Total operating cost b$ 81
Capital Investment $1*2,000
Example of Lime Process Effluent Decolorization Process 
Specifications 
Color
initial $00 ppm
final 20 ppm
pH 7.0
Temperature ambient
Carbon loss 0% and k%
Effluent rate 3000 gal,/ton of pulp
Bleaching capacity 100 tons/day
Major Costs (See Appendix B for calculations,)
Operating Costs (dollars/day)
No. Carbon k% Carbon 
Loss Loss
Make-up carbon 0 36
Acid (See Figure 2l*) 31 31
Heat
For effluent 0 0
for regeneration 3 3
Electrical equipment power 3 3
Total operating cost 37 73
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FIGURE 2 3 -  ESTIMATED COST OF ACIDIFICATION OF CAUSTIC STAGE
BLEACHING EFFLUENT WITH CONCENTRATED SULFURIC ACID
AC
ID
IF
IC
AT
IO
N 
CO
ST
, 
C
EN
TS
/T
O
N
 
OF
 
PU
LP
100
BASIS: BULK H^O * COST OF 24 DOLLARS/TON 
5000 GALLONS EFFLUENT/TON OF PULP
80
60
4 0
20
PH
FIGURE 2 4 -  ESTIMATED COST OF ACIDIFICATION OF LIME PROCESS 
EFFLUENT WITH CONCENTRATED SULFURIC ACID
87
Capital Investment $1*2,000
Example of Combination Chlorination-Caustic-Hypochlorite Effluentc .
Decolorization Process
Specifications
Color
initial 1*000 ppm
final 20 ppm
pH 3.0
Temperature ambient
Carbon loss 0$ and h%
Effluent rate
(each stage) 5000 gal./ton of pulp 
Bleaching capacity 100 tons/day
Major Costs (See Appendix C for calculations.)
Operating Costs (dollars/day)
No Carbon h% Carbon
Loss Loss
Make-up carbon 0 279
Acid (See Figure 25) 15 15
Heat
For effluent 0 0
For regeneration 21 21
Electrical equipment power 9 9
Total operating cost 1*5 321*
Capital Investment $159,000
Discussion of Results of Economic Considerations
It is evident from the examples that in some cases it is more 
economical to sacrifice some of the color adsorption of the carbon by
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operating at a higher pH than that necessary for maximum adsorption, 
thus saving on acidification cost. By a trial and error procedure, the , 
set of conditions which produce the minimum cost can be found.
The economics of the caustic stage effluent and the lime process 
effluent decolorization processes appear to be very similar in both 
operating cost and capital investment. The combination chlorination- 
caustic-hypochlorite effluent decolorization process can be quite 
expensive to operate if an.appreciable carbon loss occurs. It is 
also the most costly from, a capital investment viewpoint. Both of these 
higher costs are due to the larger quantity of effluent which must 
be decolorized. However, obviously a more complete overall decolori­
zation of the total bleach plant effluent is accomplished.
v
CHAPTER VIII
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
Summary and Conclusions
In summary, we have- stated that the presence of color is not 
conclusive evidence of pollution. However, to preserve certain 
aesthetic assets of surface waters or perhaps because of a re-use 
application, it may be desirable in some situations to partially or 
completely decolorize bleaching effluents.
The lime decolorization process has been the most successfully 
developed decolorization process to this time. However, this process 
is not capable of complete decolorization. This fact offers interest­
ing possibilities for the use of activated carbon as a polish 
decpiorization agent for the lime process effluent.
We have stated that lignin compounds are responsible for most of 
the bleaching effluent color. We have ’also considered the nature of 
activated carbon and its role in the adsorption phenomenon. It was 
shown that the adsorption of color from bleaching effluents is increas­
ed by decreasing pH. This, is probably due to the decreased solubility 
of lignin at low pH. Also, increased temperature has been shown to 
favor the adsorption of color on activated carbon, although the 
temperature effect from an equilibrium viewpoint is not nearly so 
significant as the pH effect. Increased temperature has also been 
shown to increase the rate of adsorption.
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Ths adsorption of b-leaching effluent color on activated carbon 
is quite irreversible as indicated by negligible desorption of color 
under conditions identical to those of adsorption except for color 
c one entration.
A rather comprehensive study of the applicability of an acti­
vated carbon decolorization process to various bleaching effluents has 
been made. This study has included work with caustic stage effluent, 
lime process effluent, chlorination stage effluent, and mixtures of 
chlorination and caustic stage effluents, and chlorination, caustic, 
and hypochlorite effluents. In all of these systems, it has been 
possible to achieve substantially complete decolorization.
The Freundlich adsorption equation, which is a well-known 
empirical method for correlating adsorption data, has been shown to be 
very effective in correlating all of the adsorption data from this 
study.
Complete regeneration of the carbon has been demonstrated in 
laboratory equipment while maintaining a net increase over the original 
weight of carbon. Temperatures of about 1500° F. and residence times 
of about 30 minutes have been adequate for regeneration in atmospheres 
of steam, carbon dioxide, and nitrogen. The regeneration appears to 
be essentially independent of the atmosphere chosen from these three 
gases, and therefore perhaps indicates that a pyrolysis mechanism is 
responsible for the reactivation.
The economics of various carbon decolorization processes has been 
considered, and very rough cost estimates for three example processes 
have been calculated. Demonstration of the processes in a continuous
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operation will be necessary before a valid cost estimate can be made. 
Also, since carbon cost can be a very important factor in the economics 
of a carbon decolorization process, the question of whether a net carbon 
weight increase can be achieved commercially must be answered before a 
valid cost estimate can be made. On an extremely rough basis however, 
the operating cost for a caustic stage effluent decolorization process 
should be of the order of magnitude of O.I4O to 0.80 dollars per ton 
of pulp depending upon the assumption regarding carbon loss. Plant 
investment for these two processes should be about 1*2,000 dollars for 
a 100 ton per day bleaching operation and should be directly proportional 
to the plant capacity to approximately the 2/3 power. For a process for 
the decolorization of a mixture of chlorination, caustic, and hypo­
chlorite effluents, operating cost should be roughly 0.U5 to 3.25> 
dollars per ton of pulp, also depending upon the carbon loss assumption. 
Plant investment should be roughly 1^9,000 dollars for a 100 ton per 
day bleaching operation and also should be directly proportional to 
the plant capacity to approximately the 2/3 power.
Rec ommendations
The two most important questions concerning activated carbon 
decolorization processes for bleaching effluents which have not been 
answered by this study are, (l) can the processes be operated in practi­
cal size commercial equipment, and (2) can a net weight increase or at 
least no net loss of carbon be achieved in large scale equipment.
The adsorption data of this study are equilibrium data and thus 
probably represent about the best adsorption results that can be 
expected for the systems considered. How closely equilibrium can be
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approached in continuous equipment of practical size must be determined 
before a sound evaluation of the process can be made. Also, if a net 
carbon weight increase could be demonstrated for commercial size equip­
ment, this would enhance the attractiveness of a carbon decolorization 
process.
Therefore, the author recommends that future work on this topic 
should be directed to the solution of these two questions, using the 
conclusions of this study as a basis for initiating such work.
Because the data of this study have indicated that the adsorption 
of color on carbon is irreversible, the term “equilibrium" is used in a 
restricted sense. Perhaps “pseudoequilibrium" would be a'more appropri­
ate term. Normally, equilibrium is characterized by the ability to 
approach equilibrium from more than one direction (i.e., in this case by 
desorption as well as adsorption). It would be of interest to check the 
irreversibility of the adsorption by treating a given volume of effluent 
with a certain dosage of carbon and checking the residual color; then 
adding an additional equal amount of carbon to the carbon already present 
and again checking the residual color. If the decolorization achieved 
by this method were the same as that which can be achieved by one dosage 
of an amount of carbon equal to the sum of the two amounts employed in 
the first test, true equilibrium adsorption would be indicated. If not, 
pseudoequilibrium would be indicated. The author feels that the pseudo- 
equilibrium would probably be indicated, based upon the data of this 
study.
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APPENDICES
APPENDIX A
Economic Calculations for Example Caustic Stage
Effluent Decolorization Process
Make-up Carbon
For the no loss assumption, of course there is no cost. Assuming a k% 
loss of carbon during regeneration:
From Figure 10, ^ in equilibrium with 8000 ppm at pH 2.0,
~ W ~
l£0° F is 10.3.
(8000 - 20)(10 - 6) ysfflgjgjggfr... 170^ ml. eff. ■Sooo e“ ,: 
ton pulp
-3 pseudograms color 
gm. carbon
),qj, gm. carbon 
lb. carbon
100 ton P ^ P  = 3,2i|0 lb. carbon/day
day
Carbon cost (Pittsburgh type CAL) = $0.28/lb.
For h% loss
(3,21+0 V 0,0k —  -G- I 0.28
V day ft lb. C J\
Acid
From Figure 23, tc acidify to pH 2.0, the cost is about $0.39/ton of 
pulp. (Figure 23 is based on titration data from run T-l.) Therefore, 
for 100 tons of pulp/day
($0.39) (100) = $39/day
$
1 36.3 $/dayC loss
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For Effluent: The caustic stage effluent is normally
appreciably above ambient temperature. We shall 
assume that it is at 150° F. Therefore, there is 
no heating cost for the effluent. If it had been 
desired to heat the effluent to 200° F. assuming 
a cost of $0.1*0/1000 lb. steam and a latent heat
of vaporization of 950 BTU/lb. steam:
= 20.9 x 10? BTU/day
20.9 x 107 5E2 -1- lb,_3team 0*^0 x 10“3  $
200-l50°F.
(‘ ctay 9^0 m r .1*  ____lb. steam $88/day
We see that heating of the large quantity of effluent is a relatively 
expensive operation, and is to be avoided if possible.
For regeneration:
Basis: $0.000857/lb C for regeneration fuel cost.^
Electrical' Power
This quantity is difficult to estimate because vessel sizes and 
therefore pressure drops, etc., are difficult to estimate for pump 
sizing. This should be a relatively small cost item however. If we 
roughly estimate that 20 hp. is required for the process, the cost is 
about $3/day.
'•Cane Sugar Refining with Pittsburgh Granular Activated Carbon,'1 
Activated Carbon Division, Pittsburgh Coke and Chemical Company, Pittsburgh1, 
Pennsylvania.
321*0 10.000857 - $
day M ib. c $2.78/day
101
Capital Investment
On the basis of the very rough rule of thumb of a $10U,000 
investment for an operation in which 13,000 lbs./day of carbon is 
regenerated^ and assuming plant investment to be proportional to the 
plant capacity to the 0.65 power
Capital Investment = 10i;,000
 Frank C. Vilbrandt and Charles E. Dryden, Chemical Engineering
Plant Design (Fourth Edition; New York: McGraw-Hill^ook Co.7 Inc. ,
19 & J ,  p. 222.
APPENDIX B
Economic Calculations for Example Lime Process
Effluent Decolorization Process
Make-up Carbon
For the no loss assumption, of course there is no cost. Assuming b% 
loss of carbon during regeneration:
From Figure 13, X^I in equilibrium with 500 ppm at pH 7.0,
200° F. is 1.25* However, we wish to operate at ambient temperature 
to avoid heating costs for the effluent. We do not have equilibrium 
data for this system at ambient temperature (i.e., about 80° F.), 
therefore we shall assume an l/lI value of half of the value at 200° F. 
(i.e., 1.25/2 = 0.625). This is probably a very conservative assumption. 
The calculation is analogous to that in Appendix A:
= 3,210 lb. carbon/day(5oo -  20) ( 10"6) 3785 5000 100
6 • 625 U5k
For k% loss:
(3210) (0.Oli) ($0.28) = $36.0/day
Acid
From Figure 2l|, to acidify to p'H 7.0, the cost is about $0.3l/ton of 
pulp. (Figure 2l| is based on titration data from run T-2.)
Heat
For effluent: none
For regeneration:
(3210) (0.000857) = $2.75/day
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Electrical Power
About the same as Appendix Ai
Capital Investment;
ioUjOoo ' ‘ ^/ 3210 \ 0,< 
y13,000J
$3/day.
$U2,000
APPENDIX C
Economic Calculations for Example Combination
Chlorination-Caustic-Hypochlorite Effluent
Decolorization Process
Make-up Carbon
For the no loss assumption, there is no cost. Assuming a k% loss of 
carbon during regeneration:
From Figure 18, T/K in equilibrium with 1*000 ppm at pH 3-0,
200° F, is 1*.0, However, we wish to operate at ambient temperature to 
avoid heating costs for the effluent. We do not have equilibrium date 
for this syfctem at ambient temperature (i.e., about 80° F.), therefore 
we shall assume an X/M value of half of the value at 200° F. (i.e., 
l*.0/2 = 2.0) ^ This is probably a very conservative assumption. The 
calculation is analogous to that in Appendix A except that 15,000 gallons 
of effluent per ton of pulp must now be decolorized:
= 2l*,900 lb. carbon/day(1*000 -  20)(10“6) 3785 i5,ooo 100
. ”  2.5 1*51*
For k% loss:
(2i*,900)(0.0l*)($0.28) = $279/day
Acid
From Figure 25, to acidify to pH 3.0, the cost is about $0.l5/ton of pulp. 
(Figure 25 is based on titration data from run T-5).
101*
Heat
For effluent: none
For regeneration:
(2U, 900) (0.0008^7) = $21. li/day
Electrical Power
Handling three times the volume of effluent, we shall assume 
that the electrical costs triple, or are about $9/day.
Capital Investment
900 \ ® ^
10^,000 [ I = $1^8,700/2^! 
y 13, <
APPENDIX D
ADSORPTION DATA
Run Type of 
No. Effluent
Type of 
Carbon
Temp., 
°F.
ORIGINAL
Contact 
Time, Hrs.
DATA
PH
Initial Final
Carbon Dos­
age, Wt. %
Color at pH 7.6 
Initial Final
21 Gau RB 200 1.0 1.8 1.5 0.200 8000 1000
2.0 1.6 1000
3.0 1.6 1000
4.0 1.5 1000
31 Cau RB 100 2.0 4.0 4.4 0.100 8000 5500
4.6 0.200 4500
4.7 0.250 4000
. 4.8 0.300 3500
4.9 0.400 3000
5.0 0.500 2500
30 Cau RB 100 2.0 3.0 3.4 0.100 8000 4500
3.6 0.200 3500
3.7 0.250 3250
3.8 0.300 3000
3.9 0.400 2250
4.1 0.500 2000
29 Cau RB 100 2.0 2.0 2.0 0.100 8000 4000
2.2 0.200 2000
2.1 0.250 1500
2.0 0.300 1250
2.2 0.400 750
2.1 0.500 250
APPENDIX D (Continued)
ORIGINAL DATA
ADSORPTION DATA
Run Type of Type of Temp., Contact pH
No. Effluent Carbon_______ F. Time, Hr s._____Initial
28 Cau RB 150 2.0 4.0
27 Cau RB 150 2.0 3.0
25 Cau RB 150 2.0 2.0
22 Cau RB 200 2.0 4.0
Carbon Dos- Color at pH 7.6
Final . age, Wt, % Initial Final
4.5 0.100 8000 5500
4.7 0.200 4000
4.7 0.250 3250
4.8 0.300 3000
5.2 0.400 2250
5.2 0.500 2000
3.5 0.100 8000 4500
3,5 0.200 3500
3.5 0.250 3000
3.6 0.300 2000
3.7 0.400 1500
3.9 0.500 1000
1.8 0.100 8000 2000
1.9 0.200 1000
1.9 0.250 500
1.9 0.300 350
1.9 0.350 250
1.9 0.400 200
4.3 0.100 8000 6000
4.7 0.200 4500
4.8 0.250 4000
4.8 0.300 3000
5.0 0.400 2000
5.4 0.500 1500
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ADSORPTION DATA
Run Type of Type of Temp., 
No. Effluent -Carbon______ °F.
24 Cau RB 200
23 Cau RB 200
7 Cau C-190 100
9 Cau C-490 125
APPENDIX D (Continued)
ORIGINAL DATA
Contact 
Time, Hrs.
PH
Initial Pinal
Carbon Dos­
age, Wt. 7b
Color at pH 7.6 
Initial Final
2.0 3.0 3.0 0.100 8000 5000
3.8 0.200 3500
3.5 0.250 2500
3.3 0.300 2000
3.4 0.400 1250
3.6 0.500 500
2.0 2.0 1.9 0.050 8000 3000
1.9 0.100 2000
1.9 0.150 1000
1.9 0.200 600
1.9 0.250 450
1.9 0.300 250
2.0 4.0 4.4 0.250 8000 5000
4.8 0.500 4500
5.1 0.750 4000
5.5 1.000 3500
6.2 1.500 2750
6.5 2.000 2000
2.0 4.0 4.5 0.250 8000 5500
4.6 0.500 4000
5.0 0.750 3500
5.2 1.000 3000
6.1 1.500 2500
6.6 2.000 2000
HO
CO
ADSORPTION DATA
Run Type of Type of Tgmp.,
No.____ Effluent Carbon_______ F.
10 Cau C-190 150
11 Cau C-190 175
12 Cau C-190 200
35 L RB 200
APPENDIX D (Continued) 
ORIGINAL DATA
Contact 
Time, Hrs.
2.0
2.0
2.0
pH Carbon Dos- Color at pH 7.6
Initial Final age, Wt. %_Initial Final
4.6 0.250 8000 4000
5.4 0.500 3500
5.8 0.750 3000
— 1.000 2500
6.6 1.500 2000
6.8 2.000 1500
4.8 0.250 8000 4000
5.2 0.500 3000
5.6 0.750 2500
6.1* 1.000 2000*
6.6 1.500 1400
7.0 2.000 900
*Some of sample3 mixed with this sample.
4.4 0.250 8000 4000
4.6 0.500 3000
4.9 0.750 2000
5.0 1.000 1500
5.6 1.500 600
6.0 2.000 300
10.5 0.050 500 340
10.5 0.100 240
10.5 0.150 220
10.5 0.200 180
10.4 0.250 150
10.4 0.300 140
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APPENDIX D (Continued)
ORIGINAL DATA
ADSORPTION DATA
Run Type of Type of Tgmp., Contact pH
No. Effluent Carbon_______ F.____ Time, Hrs._____Initial
37 L RB 200 2.0 7.0
38 L RB 200 2.0 6.0
36 L RB 200 2.0 5.0
33 L RB 200 2.0 4.0
Carbon Dos- Color at pH 7.6
Final age, Wt. % Initial Final
8.4 0.050 500 200
8.4 0.100 130
8.4 0.150 80
8.4 0.200 70
8.5 0.250 55
8.5 0.300 40
7.9 0.050 500 180
8.1 0.100 100
8.0 0.150 60
8.0 0.200 40
8.0 0.250 35
8.0 0.300 30
6.0 0.050 500 130
6.5 0.100 90
6.4 0.150 35
6.5 0.200 20
6.5 0.250 15
6.9 0.300 10
4.2 0.050 500 90
4.5 0.100 50
4.6 0,150 40
4.7 0.200 35
5.1 0.250 20
4.9 0.300 15
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APPENDIX D (Continued)
ORIGINAL DATA
ADSORPTION DATA
Run Type of 
No. Effluent
Type of 
Carbon
Temp., 
°F.
Contact 
Time, Hrs.
pH
Initial Final
Carbon Dos­
age, Wt. %
Color at pH 7.6 
Initial Final
34 L RB 200 2.0 3.0 3.3 0.025 500 180
3.5 0.050 90
3.3 0.075 80
3.4 0.100 80
3.7 0.150 50
3.4 0.200 110
39 L RB 200 2.0 3.0 3.1 0.050 500 70
3.3 0.100 65
3.4 0.150 85
3.4 0.200 110
3.5 0.250 90
3.6 0.300 80
40 Cl RB 200 2.0 1.9 2.1 0.050 800 120
2.2 0.100 80
2.2 0.150 20
2.1 0.200 10
2.1 0.300 5
2.1 0.400 5
41 Cl-Cau-H RB 200 2.0 4.9 5.1 0.100 4000 1700
5.6 0.200 1000
5.9 0.250 750
6.1 0.300 625
6.5 0.400 300
6.8 0.500 100
APPENDIX D (Continued)
ORIGINAL DATA
ADSORPTION DATA
Run Type of Type of Temp., Contact PH Carbon Dos­ Color at pH 7.6
No. Effluent Carbon °F. Time, Hrs. Initial Final age, Wt. % Initial Final
42 Cl-Cau-H RB 200 2.0 3.0 3.4 0.100 4000 1250
3.9 0.200 500
3.9 0.250 250
4.0 0.300 150
4.0 0.400 10*
4.4 0.500 40
*This point was thrown out in data correlation because of precipitate observed.
43 Cl-Cau RB 200
45 Cau CAL 200
Expending Cau CAL 200
2.0 3.4 3.6 0.100 6000 2500
4.0 0.200 1250
4.1 0.250 1000
4.3 0.300 500
4.7 0.400 300
4.9 0.500 200
1.0 3.0 4.6 2.000 8000 2000
2.0 5.4 2000
3.0 7.4 1500
4.0 5.1 1000
5.0 5.4 750
6.0
• - 5.6 750
6 (contact 1) 3.0 5.4 2.500 8000 400
6 (2) 4.8 1500
6 (3) 4.4 2000
6 (4) 4.3 2500
6 (5) 4.0 3000
6 (6) 3.7 3500
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APPENDIX D (Continued)
ORIGINAL DATA
ADSORPTION DATA
Run Type of Type of Temp., Contact pH
No. Effluent Carbon______ ^p._____ Time, Hrs. Initial
6 (7)
6 (8)
6 (9)
6 (10)
6 (11)
6 (12)
6 (13)
6 (14)
6 (15)
49 Cau CAL 200 6.0 3.0
50 Cau CAL 200 6.0 3.0
48 Cau CAL 200 6.0 3.0
52 Cau CAL 200 6.0 3.0
Carbon Dos- Color at pH 7.6
Final age, Wt. % Initial Final
3.8 4400
3.7 4500
3.4 4700
3.5 5000
3.5 5000
3.7 6000
3.6 5000
3.4 6000
3.3 7000
4.1 0.500 8000 6000
4.7 1.000 3000
5.9 1.500 2500
5.9 2.000 1750
6.2 2.500 1000
6.8 3.000 500
5.2 0.500 8000 5000
5.6 1.000 3500
6.6 1.500 2000
6.3 2.000 1750
6.6 2.500 1000
7.1 3.000 500
4.7 2.000 8000 2200
5.9 2.000 8000 2000
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APPENDIX D (Continued)
ORIGINAL DATA
ADSORPTION DATA
Run
No.
Type of 
Effluent
Type of 
.Carbon
Temp., 
°F
Contact 
Time, Hrs.
PH
Initial Final
Carbon Dos­
age, Wt. %
Color at pH 7J 
Initial Fina!
56 Cau CAL 200 6.0 3.0 7.3 1.369 8000 2500
58 Cau CAL 200 6.0 3.0 6.1 1.474 8000 2000
60 Cau CAL 200 6.0 3.0 6.1 1.554 8000 2400
CAU = Caustic Extraction Stage Effluent
L s Lime Process Effluent
Cl = Chlorination Stage Effluent
H = Hypochlorite Stage Effluent
All mixtures are equal volume mixtures.
RB = Pittsburgh Type RB Pulverized Activated Carbon
CAL = Pittsburgh Type CAL Granular Activated Carbon
C-190 = Nuchar Type C-190 Granular Activated Carbon
APPENDIX D (Continued)
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TITRATION DATA
150 ml. caustic stage effluent 100 ml. lime effluent 
0.85 N H2S0^ 0.831+ N H2S0^
ml. of acid pH of effluent ml. of acid pH of effluent
0 9.1 0 10.5
0.10 8.8 0.2 10.2
0.20 8.5 0.1+ 9.9
0.35 7.2 0.6 9.7
0.1+5 6 .6  0.8 9.1+
0.60 6 .3  1 .0  9.0
0.80 5.9 1.2 7.5
1.00 5.5 l.U 7.2
1.35 1+.6 1.6 6.5
1.60 3.9 1 .8  6 .2
1.90 3.2 2 .0  5 .8
2.35 2.6 2 .2 5 .1+
2.60 2.3 2.1+ 1+.7
2.95 2.2 2.6 3.8
3.30 2.0 2.8 3.2
3.80 1.9 3.0 3.0
1+.1+0 1.8 3.2 2.8
3.1+ 2.6
3.6 2.6
Run T-5 3.8 2.5
1+.0 2 .1+
100 ml. of Cl-Cau-H Mixture 1+.2 2.3
0.831+ N H SO li.li 2.3
2 U 1+.6 2.3
ml. of acid pH of mixture 1+.8 2.2
5.0 2.2
0 1+.2 5 .2  2.1
0.2 3.1 5.1+ 2 .1
0.1+ 2.6 5.6 2.1
0.6 2.3 5 .8  2.1
0.8 1.7 6 .0  2.0
1.0 1.6 6.2 2.0
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